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CHAPTER 1
 
INTRODUCTION 
This  dissertation  represents  the  results  of multidisciplinary 
basin analysis study of the Katawaz Basin of northwest Pakistan (Fig. 
1.1).  The three main units  exposed  in  this  northeast-southwest 
trending basin are the Nisai, Khojak and Sharankar formations.  The 
former  is  mainly carbonate  and  the  latter  two  are  dominantly 
siliciclastic.  The age of these units ranges from late Paleocene to 
early  Miocene.  Remote  sensing,  carbonate  and  siliciclastic 
sedimentology,  tectonic,  and  petrographic  approaches  have  been 
used  to  study  the  composition,  depositional  environments  and 
lithofacies,  deformational and diagenetic  history, paleotectonics and 
paleogeography within geologic framework of the western Himalaya. 
Different  chapters  in  the  dissertation  summarize my important 
findings. 
Chapter two is a remote sensing investigation using the Landsat 
Thematic Mapper digital data of the Katawaz Basin.  It integrates the 
results  of  lithological,  petrographic,  geochemical,  and  spectral 
signature analyses with various digital image processing techniques. 
This  study  not  only  differentiates  Katawaz rocks  into  different 
stratigraphic-radiometric  units  but  also  sheds  light  on  their MDF  Makran Deformation Front 
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FIG. 1.1: Tectonic map of the Katawaz Basin, Pakistan.
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geographic distribution within the basin.  I have attempted to relate 
the spectral signatures with the lithologic composition and ultimately 
to the digital Landsat data to map the distribution of different rock 
units.  An older version of this chapter was included in an internal 
(unpublished)  report, co-authored by D. J. Schunk and A. E. Prelat, to 
the Exploration and Production Technology Department of Texaco, 
Inc.  That report  is  titled,  "Digital  image  processing  and 
lithofacies  analysis  of  remotely  sensed  data  of  Katawaz 
Basin,  Pakistan".  Different parts of this chapter will be eventually 
submitted to  different journals. 
Chapter three deals with sedimentation and tectonic control on 
deposition of the Nisai Formation.  Eight new lithofacies have been 
identified in  this  unit, which drastically revise the interpretation of 
the environment of deposition.  Slope and basinal  lithofacies  are 
reported for the first time.  These lithofacies and abrupt changes in 
their  thickness  are  related  to  the topography, formed due  to  the 
emplacement of  ophiolites  that  unconformably underlie  the  Nisai 
Formation.  New late Paleocene benthic foram data not only revise 
the age range of the Nisai Formation but also better define the timing 
of ophiolite emplacement.  This emplacement  is  also  related  to 
changes in the depositional environment and paleo-slope reversal of 
the  Indo-Pakistan platform as  suggested by previous  studies.  This 
chapter will be submitted to the Journal of Sedimentary Research. 
Chapter four reports newly discovered deltaic  lithofacies and 
the sediment dispersal pattern of the Khojak Formation in terms of 
molasse-delta-submarine  fan  continuum.  Longitudinal  sediment 
dispersal  is  interpreted for the prograding Paleogene Katawaz delta 4 
and Khojak submarine fan in the Katawaz ocean, a newly identified 
remnant of Neo-Tethys.  This investigation also uses an analogy of 
the proposed sedimentologic model to the modern Indus River-delta­
fan complex in the Indian Ocean.  A more concise version of this 
chapter,  titled  "Newly  discovered  Paloegene  deltaic  sequence 
in  Katawaz  Basin,  Pakistan,  and  its  tectonic  implications", 
was published, co-authored by A. R. Niem and R. D. Lawrence, in 
September 1996 in GEOLOGY of Geological Society of America. 
Chapters  five  and  six  deal  with  the  time  and  space 
relationships of Tertiary and modern the Himalayan molasse-delta­
submarine fan continuum using regional units  in northwest Pakistan 
including the Khojak Formation.  Chapter five deals specifically with 
the  molasse-delta-submarine  fan  continuum  of  the  modern and 
paleo-Indus fluvial systems in the western Himalaya.  This study led 
to  the  paper,  "Discovery  of  the  Pa leo-Indus  Delta-Fan 
Complex" co-authored by R. D. Lawrence and A. R. Niem that is 
being published in the Journal of the Geological Society, London. 
Chapter six,  however, deals with  this  theme in much more 
detail  and within  the  larger framework of the  entire Himalayan 
system.  It  relates  Himalayan  tectonic  deformation  with  the 
sedimentation  history  of Himalaya-derived molasse on  the  Indo-
Pakistan  subcontinent  and  delta-submarine  fan  detritus  in  the 
modern Indian Ocean.  This chapter emphasizes how the Khojak 
Formation  fills  the  time  gap  in  the  Himalayan  molasse-delta­
submarine fan continuum.  This study identifies Katawaz remnant 
ocean as  the main depocenter of Himalayan siliciclastic  sediments 
during the Paleogene.  It also deals with two fundamental questions: 5 
how and when the main depocenter shifted  to  the modern Indian 
Ocean; and how subsequent closure of the Katawaz remnant ocean 
resulted in accretion of the Katawaz Delta and the Khojak submarine 
fan  strata  to  the Indo-Pakistan subcontinent.  This chapter will be 
submitted  as  a  paper  titled,  "Missing  Himalayan  marine 
sediments  and  closure  of  the  Paleogene  Katawaz  remnant 
ocean, Pakistan", co-authored by R. D. Lawrence and A. R. Niem, to 
the Bulletin of the Geological Society of America. 
Detrital modes, provenance and diagenesis of the Khojak and 
Sharankar sandstones is the main focus of chapter seven.  It  is based 
on  petrographic  study  of  thin-sections  and  scanning  electron 
microscopy.  This  investigation  discusses  the  composition  and 
provenance history of the Khojak Formation and relates changes in 
sandstone  composition,  from  oldest  to  youngest  strata,  to  the 
unroofing of the  early Himalayan orogenic  belt.  Comparison of 
results of this  petrofacies study with the composition of sandstone 
detritus of the Murree Formation, Siwalik Group and Indus Fan in the 
western Himalaya sheds  light  on how these  detrital  modes  are 
related  in  time and  space;  change  over time  as  the  Himalayan 
orogenic belt  is  uplifted and unroofed.  Other important aspects of 
this chapter are: how detrital modes of the siliciclastic Sharankar unit 
are significantly different from that of the Khojak Formation; what is 
the  stratigraphic  and  tectonic  relationship  between Muslimbagh 
ophiolites and Sharankar unit.  Diagenetic cements and alteration of 
the  Khojak sandstones  and  their  paragenetic  sequence  are  also 
discussed.  Finally,  a  compositional comparison of the  Katawaz-
Himalayan  system  with  the  Appalachian-Black  Warrior-Ouachita 6 
System  of  North  America  is  made.  This  comparison  shows 
remarkable similarity of detrital modes, sediment dispersal patterns, 
and oblique remnant ocean closure  tectonics  of the two orogenic 
systems that are geographically almost 15,000 km and geologically 
about 250 Ma apart.  This chapter will be submitted to the Journal of 
Sedimentary Petrology. 
A brief description of the newly discovered mud volcanoes and 
gas seep, and their tectonic significance is given in the Appendix C. 7 
CHAPTER 2
 
Digital Image Processing, Lithofacies, Spectral and
 
Petrographic Analysis of the Katawaz Basin, Pakistan
 
Mazhar Qayyum 8 
ABSTRACT 
This study integrates lithofacies, petrographic, geochemical, and 
spectral  signature  analyses with different  digital image processing 
techniques to explore the Katawaz Basin.  Maximum discrimination of 
different rock units was achieved displaying the bands 5, 4, 2 in red, 
green  and  blue,  respectively.  The  best  discrimination  of  the 
interbedded sandstones  in  Nisai Formation, however, was achieved 
by  displaying  bands  7  (mid-infrared),  4  (near-infrared),  and 
(visible) in red, green and blue.  Stereo viewing was also used to 
resolve the structure of the basin.  Results of reflected spectrometer 
analysis on rock samples were  utilized  in  selecting band ratios 
7/5(R), 4/3(G) and 3/2(B) for the Nisai lithofacies  analysis.  Nisai 
Formation  was  further  subdivided  into  twelve  stratigraphic-
radiometric units.  This integrated study also suggests that the Nisai 
Formation is not exposed in the interior parts of the basin.  Outcrops 
that  were previously  interpreted  as  Nisai Formation  are  channel 
sandstones  with  a  higher  percentage  of  clays.  Compositional 
differences between Shaigalu and Sharankar units resulted in  their 
contrasting tone on false color imagery.  This integrated approach 
defines new directions for hydrocarbon exploration. 
2 9 
INTRODUCTION 
The Katawaz Basin is  located north of Quetta in  the western 
part of Pakistan, next to the Afghan border (Fig. 2.1).  This NE-SW 
trending basin  is  filled with Tertiary sedimentary rocks, and their 
lithologies  range from carbonates  to  siliciclastics.  These rocks 
collectively  represent  paralic  to  deep  basinal  environments  of 
deposition.  Katawaz Basin has not been explored yet for its  oil and 
gas potential.  The primary exploration target for both source and 
reservoir is different facies of the Nisai Formation.  The Zhob thrust, 
a major structure, brings Nisai and older units on top of ophiolitic 
mélanges and accretionary prism strata.  The rest of the basin  is 
mainly filled with Shaigalu and Margha Faqirzai members of the late 
Eocene-Early Miocene Khojak Formation (Jones, 1961). 
This study integrates  field  geological observations,  lithofacies, 
laboratory  spectral  analyses and petrographic  studies with different 
image processing techniques to examine different rock units exposed 
in the Katawaz Basin.  It mainly focuses on the Nisai Formation, as its 
shallow water platform and relatively deeper water slope facies  are 
potential  reservoir  and  source  targets,  respectively.  The main 
objectives of this  report  are:  First,  to  differentiate  the rock units 
exposed in  the  basin.  Second,  to  identify and separate  different 
lithofacies within the Nisai Formation.  Third, to map different facies 
present  in  the  Nisai  Formation  by  combining  field  geological 
observations with the digital satellite data.  Fourth, to find a logical 
explanation  of why some  of  the  Shaigalu  channel  sandstones 
resemble the Nisai Formation on the false-color image to the extent 
that they were previously interpreted as  the Nisai  unit.  Fifth,  to 10 
FIG. 2.1:  Map showing the geographic location of the Katawaz Basin. 
Small square represents area of Figure 2.2. 11 
explain why the  tone  of lower Sharankar sandstones  is  different 
from Shaigalu sandstones.  Sixth,  to  evaluate the possible use of 
remotely  sensed  data  as  an  exploration  tool  for  hydrocarbon 
prospecting and show how better  geological interpretation can be 
obtained by integrating the above mentioned techniques. 
REGIONAL GEOLOGY AND TECTONICS 
Geologically  the Katawaz basin  is  bordered by  the  Indian 
platform sequence in the east and Kandahar Range of Afghan block 
in the west (Fig.  2.2)  The deformed Indian platform sequence is 
exposed in the Sulaiman, Brahui and Kirthar Ranges.  Muslimbagh 
ophiolites  are unconformably overlain by the Tertiary sequence of 
the Katawaz Basin (Fig 2.3) and overlie the deformed, Triassic to 
Neogene, passive margin rocks of the Indian Plate.  Muslimbagh 
ophiolites  that include volcanic  and ultramafic rocks (Abbas and 
Ahmad, 1979, Asrarullah et  al.,  1979; Gansser, 1979) were emplaced 
during Paleocene-early Eocene time (Allemann, 1979). 
Stratigraphy 
The Katawaz basin remains largely unexplored and geologic 
information  is  quite  scanty.  Earlier reconnaissance work by the 
Hunting Survey Corporation (Jones,  1961) was primarily  based on 
aerial  photography and regional  traverses.  They identified  four 
major units in the basin, i.e., Nisai group, Khojak Flysch, Multana and 
Bostan formations. 
The lithofacies of the Nisai Formation were deposited in three 
different marine environments,  i.e.,  shallow water platform,  slope 12 
FIG. 2.2:  The Katawaz Basin.  (A) Landsat mosaic of the Katawaz 
Basin and adjacent areas.  (B) Tectonic map of the Katawaz 
Basin, based on the Landsat mosaic, showing the major tectonic 
and  geographic  features.  Quaternary  sediment  cover  that 
appears  as  light  tones on the Landsat mosaic  is  shown in 
stippled pattern.  Small square represents the area shown in 
the Figure 2.4. --
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and proximal basinal (Chapter  3).  The benthic foram, red  algae, 
pelecypod and echinoid bearing,  nodular, massive, thickening- and 
shoaling-upward packstones were deposited on a carbonate platform 
in shallow marine environment.  The rhymically bedded sequence of 
turbidites  and  interbedded  pelagic  wackestones  and  marls  were 
deposited on the slope.  Sequence of olive-brown to light olive-gray 
shales  and  minor  turbidites  represent  the  proximal  basin 
environment.  Basinal  and  lower-middle  slope  facies  are  also 
interbedded with debris flow and turbidite  deposits.  Their clasts 
were derived mainly from the platform and few also from upper 
slope. 
The Khojak Formation is  further subdivided into Shaigalu and 
Murgha Faqirzai members (Jones,  1961).  It  is more than 6,300 m 
thick, and overlies the lower to middle Eocene Nisai Formation.  The 
Margha Faqirzai Member is mostly composed of rhymically bedded 
turbidities  deposited on upper continental  slope (Qayyum et  al., 
1994, 1996b).  The Khojak Formation near the town of Chaman (Fig. 
2.2), is also composed of turbidites (Lawrence et al.,  1981; Lawrence 
and Yeats, 1979).  Farther to the south in the Makran area the unit is 
dominantly comprised of abyssal plain turbidite-shale facies  (Platt et 
al.,  1985; Critelli et al.,  1990).  These turbidite facies were deposited 
as the Khojak submarine fan in the Katawaz remnant ocean (Qayyum 
et  al.,  1994,  1996b), and also represent the paleo-Indus submarine 
fan (Qayyum et  al.,  1997).  The overlying sandstone-rich Shaigalu 
Member consists of subaqueous to subaerial facies typical of a fluvial 
dominated, wave modified Katawaz delta that axially fed the Khojak 
submarine fan to the southwest (Qayyum et al., 1994, 1996b). 16 
On the basis of tonal contrast on the false color TM image, 
Lawrence  (1991)  identified  a  new  informal  unit,  Sharankar 
formation within the Khojak Flysch of Jones (1961).  Pioneer work on 
oil and gas potential evaluation was done by Lawrence et  al. (1992) 
in the central Katawaz Basin.  Numerous faults in the Katawaz basin 
including  the  frontal  thrust  have been  identified  as  active  or 
probably active (Nakata et al., 1991). 
Following is  a brief description of the four main stratigraphic 
units, i.e., Nisai Formation, Shaigalu and Murgha Faqirzai members of 
Khojak and Sharankar Formations, exposed in the study area.  Here, 
the main emphasis is on their lithologies and both weathered and 
fresh colors as they primarily control the tone of a rock unit. 
Nisai  Formation:  The Nisai Formation is mainly composed of 
basinal  marls  and  shales,  slope  turbidites,  and  shallow marine 
nummulitic limestones.  At places, it is also has interbedded lenses of 
terrigenous sands and tidal flat muds.  The turbidite facies have good 
to excellent source rock potential as the average TOC values range 
from 0.73  4.3 % (Roy le and Smith,  1992).  The shallow water 
nummulitic  limestones  are  good  potential  reservoir  targets. 
Therefore,  it  is  not only important to identify different source and 
reservoir  facies  but  also  their  lateral  extension  to  evaluate  the 
overall potential of the Nisai Formation. 
The  nodular,  ridge-former,  foram  grain-wackestones  show 
knobby weathering.  It  is  pale yellow brown (10YR6/2) to yellow 
gray (5Y7/2) on the weathered surface and light yellow gray (5Y7/2) 
on the fresh surface.  Two dominant colors alternate in the basinal, 17 
fissile shales that are exposed in the basin.  The pale yellowish green 
(10GY7/2) weathering shales are grayish green (5G5/2) on the fresh 
surface.  The other shales are light olive gray (5Y6/1) to moderate 
olive  brown (5Y4/4) on  the  weathered  surface  and  olive  gray 
(5Y4/1) on the fresh surface.  The micritic limestones in the turbidite 
facies generally weather to light dusky yellow (5Y6/4) color and  are 
light  olive  gray  (5Y6/1) on the  fresh  surface.  The associated 
mudstones and shales are yellowish gray (5Y7/2) to pale greenish 
yellow (10Y8/2) on the weathered and yellowish gray (5Y8/1)  on 
the fresh surface.  Massive, ridge former, wackestones to packstones 
are  light brown  (5  YR6/4)  to  moderate brown (5YR4/4) on the 
weathered surfaces and are medium gray (N5) on the fresh. 
Margha Faqirzai Member: This member is mainly composed 
of fissile shales and rhythmically bedded, turbidite sandstones.  The 
lower and middle parts  of this  unit  are mainly comprised of an 
alternating sequence of light greenish gray (5G8/1) to dark greenish 
gray (5GY4/1)  shales.  Olive black (5Y2/1)  shales  with thin  to 
medium beds of turbidite sandstones constitute the upper part of the 
unit. 
Shaigalu Member:  Hummocky, high angle planar to trough 
cross bedded, ripple to parallel laminated, moderately to well sorted, 
channeled  sandstones  characterize  the  Shaigalu member.  The 
rhythmic cycles of hummocky bedded sandstones and light greenish 
gray (5G8/1) shales,  in  the lower part, form numerous thickening 
upward  sequences.  These  thickening  upward  sequences  are 
characteristic of the delta front environment of deposition.  In the 18 
upper part, however, thick to very thick, high angle planar to trough 
cross bedded,  light  olive gray (5Y6/1) sandstones are interbedded 
with very thick to massive multi-colored (chocolate brown,  maroon, 
bright red and reddish brown) mud and siltstones.  These channel 
sandstones and multi-colored mudstones facies represent delta plain 
environment of deposition. 
Sharankar  formation: The Sharankar formation outcrops in 
a big syncline, along the eastern and southern margins of the basin. 
The  unit  is  subdivided  into  three  parts.  The lower  part  is 
characterized  by the  thick, hummocky cross bedded, greenish  gray 
(5GY6/1) to  dark greenish gray (5GY4/1),  delta  front sandstones. 
These  are  interbedded with  light  green (5G7/4)  shales.  In  the 
middle part,  greenish gray (5GY6/1) sandstones with  large  scale 
cross-bedding  alternate  with  very  thick  to  massive,  dusky  red 
(5R3/4)  to dark reddish brown (10R3/4) mudstones and siltstones. 
In the upper part, however, a massive, cyclic  sequence of dusky red 
(5R3/4) to dark reddish brown (10R3/4) sandstones and mudstones 
is exposed. 
Field investigations revealed that the lower part of the Gardab 
Manda section, compared with the overall Khojak, contains the  most 
coarse-grained beds.  These pebble-cobble conglomerates and pebbly 
sandstones are mainly composed  of ophiolite, red chert, limestone, 
basalt, and other volcanic clasts.  These sandstones are also rich in 
lithics,  and  appear  light  blue  on  false-color  Landsat imagery 
(Lawrence, 1991; Qayyum et  al.,  1994b).  Shaigalu sandstones, in 
contrast,  appear  greenish  gray  on  the  same  Landsat  imagery. 19 
Structure 
Tectonically  the  area  represents  transpressional  to 
compressional  deformation  styles  from  the  western edge  to  the 
eastern limit of the basin, respectively.  The Chaman Fault, a major 
strike slip fault with sinistral component separates the Katawaz basin 
from the Afghan block of Afghanistan (Fig. 2.2).  The whole thrust 
wedge has translated to the southeast, along Zhob Thrust,  over the 
western passive margin of Indo-Pakistan plate.  The Zhob Thrust 
defines the easternmost extent of the basin. 
Structurally  the  area  has  been  folded  into  tight,  narrow 
anticlines  and broad  synclines.  The northeast-southwest oriented 
anticlines are quite steep.  Their forward limbs dip 70-80° to  the 
southeast,  while  their  backlimbs  dip  45-55°  to  the  northwest. 
Landsat  and  field  studies  show  that  the  Shaigalu  sandstones 
constitute the limbs of these anticlines.  The upper part of Murgha 
Faqirzai shales is exposed in the core of these anticlines and  can be 
traced for more than 50-60 km along their axes.  The steeper dips of 
the anticlines suggest that these structures are not simple fault-bend 
folds, instead these are second or third order imbricated fault-bend 
folds (Suppe,  1983).  This implies that the fold geometry in the 
Katawaz basin involves multiple imbrication.  In the case of multiple 
imbricated fault-bend folds, there is a certain increase in the amount 
of  dip  of  the  forward  and  back  limbs  with  each  successive 
imbrication.  However, it  is  also important to note that the overall 
fold  geometry produced by  the  multiple  imbrication  is  mainly 
controlled by the spacing and amount of slip on each imbrication. 
The exposure of the upper part of the Murgha Faqirzai shales in the 20 
core of these anticlines suggests that at least the upper decollement 
is within these shales. 
Previously,  image interpretation  (Lawrence,  1991)  suggested 
that the Nisai Formation was exposed locally in the core of some of 
these  anticlines.  However, during subsequent field work, one of 
these outcrops was visited, which was, in fact, high angle planar to 
trough cross bedded, channel sandstones.  These sandstones weather 
into  grayish orange (10YR5/4)  color.  Unlike the  other Shaigalu 
sandstones, these sandstones are not calcite cemented and are rich in 
lithic  fragments. The proper recognition of these sandstones  is  of 
fundamental  importance  to  develop  the  play  concept  for  the 
hydrocarbon exploration.  The possible presence of Nisai Formation 
outcrops in the interior of the basin would suggest that the upper 
decollement is at the base of the Nisai Formation.  This would further 
imply that  the Nisai Formation is  involved in  the folding and is 
present in the core of all these anticlines. 
Nisai Formation, on  the  other hand,  is  exposed along  the 
eastern  margin of  a major Sharankar Syncline  that  follows  the 
curved eastern margin of the basin.  The eastern limb of the syncline 
is faulted and Nisai Formation is thrust over the Multana formation. 
Unlike the other  flat based,  synclinal  structures of the  basin;  the 
Sharankar  is  an  angular  syncline  with  steeply  dipping  limbs. 
Different facies of Sharankar formation are exposed in its core.  The 
second major outcrop of Nisai Formation is exposed as a major pop­
up west of the southern terminus of the Sharankar syncline.  A major 
back thrust is  interpreted to mark the northern edge of this pop-up 
zone. 21 
Different facies of the Nisai Formation  are exposed in this zone 
that range from shallow to deep water facies.  The shallow water 
facies gradually grade into the  turbiditic  facies  that finally merge 
into deep water basinal facies.  At places shallow sandstones and 
shales are also present.  All these facies have been repeated either 
structurally or stratigraphically in the study area. 
DIGITAL IMAGE PROCESSING 
The use of remote sensing satellite images has been  one of the 
basic techniques of mineral exploration and environmental  studies 
for quite some time.  The TM (Thematic Mapper) is  a scanning 
optical-mechanical  sensor;  a  cross  track  scanner  deployed  on 
Landsats 4 and 5.  The TM spectral bands represent an important 
departure from the traditional MSS.  The TM data provides records of 
reflected or emitted electromagnetic energy from visible,  reflective-
infrared,  middle-infrared,  and  thermal-infrared  regions  of  the 
spectrum in  the form of seven bands and thus provides excellent 
spectral  resolution compared with MSS (multispectral  scanner)  or 
SPOT.  Similarly, equatorial crossing time was changed from 9.30 
A.M. for Landsats MSS 1, 2, and 3 to 11.00 A.M. for Landsats 4 and 5 
(Jensen, 1986).  The higher sun angle reduces the amount of shadow 
in the imagery.  This is  especially useful for the vegetation studies 
because shadows can modify spectral signatures.  However, low sun 
angles are useful for enhancing the geologic structure of an area. 
The spatial resolution of TM is 30 X 30 m for all bands except 
the thermal (band 6) which has a spatial resolution of 120  m X 120 
m (Campbell, 1987).  Although the spatial resolution of TM is  less 22 
than SPOT (20 x 20 m, multispectral and 10 X 10 m, panchromatic) 
it does not affect this type of study, where the outcrops extend  tens 
of km and  the  individual  units  are  more  than  30 m thick. 
Furthermore,  the TM data  contains  more bands  that  assist  in 
differentiating  lithologic  units.  TM data,  therefore, provides finer 
spatial  resolution, improved geometric  fidelity,  greater radiometric 
detail  and more  detailed  spectral  information  in more precisely 
defined spectral regions. 
Methodology 
Analog electronic  signals  and  internal  calibration  data  are 
transmitted  to  the  ground stations  and subsequently converted  to 
digital format on tapes suitable for computer processing.  Portions of 
four Landsat -5  digital Thematic Mapper scenes were used in  this 
study (Fig.  2.4).  These images were acquired, at about 11:00 A.M. 
local time, in 185 km wide swaths at the elevation of 705 km with 
almost 7.6% sidelap  at  the  equator.  However, the  side overlap 
increases with the latitude (Sabins, 1986).  Parts of four TM satellite 
images that cover the study area were processed. 
Data Base 
The Landsat TM images processed for the present study  cover 
a major part of Katawaz area in Pakistan.  The digital data (Fig. 2.4) 
consist of the following images. 23 
FIG. 2.4:  Landsat mosaic of a part of Katawaz Basin shows Thematic 
Mapper (TM) bands 5,  4, and 2 (RGB) false color composite 
image.  Note the changes  in  brightness due  to  the  overall 
difference in percentage reflectivity. 2
4
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These selected scenes are of excellent quality with a marked 
absence  of  clouds  and  vegetation,  and  provide  an  excellent 
opportunity  to  apply  different image processing  techniques  and 
study their results with great confidence.  These individual scenes 
from each path were later  stitched together to form a mosaic. To 
subset the area of interest,  the two stitched images were stitched 
again to form a single mosaic (Fig. 2.4).  As the images were acquired 
on two different dates, optimum contrast stretching was applied to 
produce  a  uniform  appearance  throughout  the  mosaic.  The 
processing  of  the  remotely  sensed  digital  satellite  data  was 
accomplished by using ERDAS system software. 
Preliminary Processing of TM Data 
Different types of rocks can be separated on color composite 
imagery by  the  interpretation  of  color,  tone  and  their  texture 
continuity.  Table 2.1 summarizes the use of seven TM bands to get 
more discrimination  of certain  features,  if present  in  the  image. 
Different  combinations  of  these  bands were  tried  to  get more 
discrimination in the area of interest where different kinds of rocks 
including limestone, sandstone, shale and melange are exposed.  The 26 
Table 2.1:  Summary chart of the common uses of Thematic Mapper 
(TM) Bands to extract geologic and other information (modified 
after Sabins, 1986; Jensen, 1986). 
Individual  Wavelength 
Bands  m) 
Band 1  0.45-0.52 
Band 2  0.52-0.60 
Band 3  0.63-0.69 
Band 4 (NI)  0.76-0.90 
Band 5 (MI)  1.55-1.75 
Band 6 (TI)  10.40-12.50 
Band 7 (MI)  2.08-2.35 
Common Use 
Bathymetric mapping in shallow 
water due to its maximum water 
penetration, useful for 
distinguishing soil from 
vegetation and deciduous from 
coniferous plants. 
Vegetation studies as it matches 
the green reflectance peak of 
vegetation, useful for assessing 
plant vigor. 
Vegetation discrimination as it 
matches the chlorophyll 
absorption band. 
Bathymetry, water currents, 
determining biomass content, 
and mapping shorelines. 
Wetland distinction as it 
indicates moisture content of 
soil and vegetation, penetrates 
thin clouds, good contrast 
between vegetationtypes, 
stratigraphic mapping 
topography, culture, and 
drainage. 
Rock density contrast, fault 
trace mapping, nighttime 
images are useful for thermal 
mapping, vegetation vs. soil, 
for estimating soil moisture, 
and facies changes. 
Land/H20 contacts, vegetation 
and soil discrimination, 
drainage interpretation, 
lithologic discrimination 
as it coincides with the 
absorption band caused by 
hydroxyl ions in minerals. 
NI: Near Infrared, MI: Mid Infrared, TI: Thermal Infrared 27 
thermal band '6'. however, was not used in the present study due to 
its different 120 x 120 m resolution. 
The maximum discrimination of the Nisai units was achieved 
by displaying the bands 7,  4, 2 in red, green and blue, respectively. 
This  band combination was  very  helpful  in  differentiating  the 
interbedded sandstones and shales,  to  a  lesser  extent,  within  this 
predominantly carbonate sequence, now exposed in the Nisai pop-up 
zone  (Fig.  2.5).  However, this band combination did not help  to 
differentiate  the prodelta Murgha Faqirzai  shales from delta front 
Shaigalu sandstones, exposed in a major part of the basin.  Maximum 
discrimination of prodelta shales was achieved by using bands 5, 4 
and  2  and displaying them  in  red,  green and blue respectively 
(Fig. 2.5).  This  combination  also  allowed  us  to  identify  major 
lineaments,  i.e., mainly strike-slip faults with sinistral movement.  A 
systematic study of the density and the  trend of these  strike-slip 
faults  can be very helpful  in  estimating the  subsurface  reservoir 
porosity and permeability. 
The  5,  4,  and  2  band  combination was  also  useful  to 
differentiate  the Sharankar unit  into  three  stratigraphic-radiometric 
units,  i.e., Ski ,  Sk2, and Sk3 from bottom to top.  The thin Skl  is 
greenish brown, while thicker Sk2 is light blue, and the thickest Sk3 
had grayish green tone on the same image.  The Shaigalu member, in 
contrast, had dominantly grayish green tone.  Hunt and Salisbury 
(1970, 1971, 1976) suggested that different rocks and minerals have 
characteristic  absorption  features.  Petrographic  study  of  both 
Shaigalu and Sharankar sandstones (Chapter 7) showed that they had 
very  different composition.  The Shaigalu  sandstones were more 28 
FIG. 2.5:  Photointerpretation of TM bands 5, 4, and 2 (RGB) false 
color composite image shown in Figure 2.4.  Two small squares
that  cover the  Nisai pop-up zone and part of Sharan Kar 
syncline, each shows the location of Figures 2.17 (A & B) and 
2.18 (A & B).  In both figures A and B are in the east and west, 
respectively.  Square  in  the middle shows the  location  of 
Figures 2.20 and 2.21. 29
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quartzose and their mean QFL values were 60,  9,  31.  In contrast, 
lower Sharankar sandstones were more Ethic  rich,  and their mean 
values were Q76F10L64.  Serpentinite,  chert,  volcanic  lithics  with 
lathwork  texture,  olivine  and  pyroxene  basalts,  and  limestone 
constitute  the  lithic  population  of  Sharanlar  unit.  Mainly 
sedimentary and low-grade metamorphic type  lithics  are  present in 
the Shaigalu member.  The top section of Sharankar (Sk3) had similar 
tone to that of Shaigalu, and its mean QFL values, i.e., 52, 13, 35  were 
also comparable.  Overall  it  is  inferred  that  their compositional 
difference was mainly responsible  for  their  tonal  contrast on the 
false color imagery with 5(R), 4(G) and 2(B) bands. 
However, both 5, 4,  2, and 7, 4, 2, band combinations did not 
allow  us  to  subdivide  Nisai  Formation  further  into  different 
stratigraphic-radiomatric units that could be related to shallow water 
platform, turbiditic slope, marly and dominantly shaley deep basinal 
facies.  This objective was achieved by preparing the ratio images of 
the Nisai outcrop area, as discussed in the following pages. 
Stereo Viewing 
The geometry  of  the  Landsat  multispectral  scanner  causes 
displacement in the cross-track scan direction.  However, there is no 
displacement in the flight-line direction (Sabins, 1986).  The sidelap, 
due to  the displacement between the images acquired  on adjacent 
Landsat  orbit  paths,  provide some capability  for  stereo  viewing. 
There is 7.6% sidelap at the equator for Landsat 5 (Sabins, 1986) and 
that gradually increases with the latitude. 31 
Some of the advantages working with stereo pairs in the study 
area were:  1)  steeply dipping  anticlines were easily  distinguished 
from synclines due to better control of topographic expressions and 
the  attitude  of  the  dipping  strata;  2)  symmetry  and  relative 
amplitudes of folds were easily calculated; 3) plunges of the folds 
were mapped with great confidence. 
The  study  area  falls  in  the  area  of sidelap between two 
adjacent  paths  numbered  152  and  153.  The  structural 
interpretations  including  attitude  of  the  beds,  recognition of the 
structures, presence of lineaments were mainly based on this  stereo 
viewing,  and  sometimes  even  the  identification  of  certain 
stratigraphic radiometric units and their  lateral extension were also 
confirmed on the stereo images.  The same TM bands 7, 4 and 2 were 
used  to  display  the  image  in  stereo  monitor  to  get  the  most 
discrimination  of different  lithologies  and  their  stratigraphic  and 
structural relationships. 
Reflectance Spectrometer Analyses 
Different  minerals  and  rocks  have  different  diagnostic 
absorption features that can be measured either in the laboratory or 
in  the  field  by  the  reflectance  spectrometer.  Characteristic 
absorption features  (Table  2.2)  of common rocks or rock-forming 
minerals (Hunt and Salisbury,  1970 and 1971, 1976; Salisbury and 
Lenhoff,  1973),  can  be  correlated  to  those  wavelength  regions 
recorded by the TM or other, e.g., SPOT satellite bands. The relative 
position,  in terms of reflectance, of the TM bands to  the spectral 
regions  recorded  by  the  spectrometer  is  shown  in  Figure  2.6. 32 
Table 2.2:  Characteristic absorption features of  common minerals,
 
rocks,  vegetation  and  different  chemical components,  after 
Hunt and Salisbury (1970, 1971. 1976). 
Litho logy 
Minerals: 
Gypsum 
Calcite 
Dolomite 
Limonite 
Quartz, Feldspar 
Serpentine 
Alunite 
Pyrophyllite, Muscovite, 
Layered Silicates (AL -OH, Mg-OH) 
Clays 
Alunite/Kaolinite 
Montmorillonite 
Smectite 
Rocks: 
Zeolitized Tuff 
Siltstone. Sandstone 
Silicate/Non-Silicate 
Carbonates 
Vegetation: 
Leaf Content 
Chlorophyll absorption 
Healthy Leaf Tissue 
(near infrared plateau) 
Chemical Components: 
Ferric & Ferrous Iron 
Ferric Stain 
H2O 
OH (vibration) 
OH (hydrothermal alteration) 
Wavelength (gm) 
2.2 
2.33 
2.30 
0.85-0.92 
2.3, 2.5 (generally flat) 
0.3, 1.4, 2.4 
1.6, 2.1-2.4 
2.1-2.4 
Decrease 1.6 
2.17 
2.27 
2.20 
1.4, 1.9
 
Flat
 
8.0-1.4
 
1.9-2.3
 
1.6, 2.2
 
0.48, 0.68
 
1.0 
0.7, 1.0 
0.85
 
1.4,  1.9, 2.2
 
2.74
 
1.6, 2.2
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FIG.  2.6:  Spectral  bands  for  Thematic  Mapper  (TM)  and 
Multispectral Scanner System (MSS).  Reflection curves  for 
vegetation,  unaltered  and hydrothermally  altered  rocks  after 
Sabins (1986). 34 
The main objective of the laboratory analyses was to derive a 
spectral curve for some of the major rock types (Table 2.3) using the 
spectrometer and then determine which TM bands hold the most 
information for each of the rock types.  It  not only increased the 
confidence in selecting different bands for the best discrimination of 
different lithologies exposed in the area, but also helped in selecting 
certain TM band ratios for further image processing.  This type of 
information was then exploited in detailed computer data processing 
to obtain greater stratigraphic-radiometric unit details. 
The spectral reflectance was taken from a height of 2  1/2 feet 
over the sample by using illumination from a halogen lamp about 2 
feet  above  sample  at  approximately  a  45  degree  angle.  The 
calibrated  standard used  in  this  study was white barium  sulfate 
spray (SRT-99-050-8927).  The percentage reflectance of the sample 
is then calculated by dividing the target (sample) over the standard. 
These  spectral  measurements  were  then  input  into  a  software 
package to get a plot of percent reflectance versus wavelength (gm). 
The spectral reflectance values of the samples can be then correlated 
to those wavelength regions recorded by the TM satellite bands. 
Plots  from each rock sample were generated  to  obtain  the 
characteristic  signature  of  each  sample  to  map  different 
stratigraphic-radiometric  units  on the TM imagery by using  this 
information.  These plots were then interpreted for a unique spectral 
response,  compared  to  each  other  to  understand  the  observed 
differences,  and  certain  ratios  were  selection  for  further  image 
processing. 35 
Table  2.3: Description of the selectea rock samples of Shaigalu member and 
different  facies  of  Nisai  Formation  used  in  Reflectance  Spectrometer 
Analyses. 
Sample  Description 
N-91-204  Grayish green (10GY5/2) marls and fissile shales 
interbedded with thick to very thick, bioturbated, 
wavy bedded foraminiferal limestones. Micrite to 
packstonesweather very light gray (N8) to grayish 
orange (10YR7/4) and are medium light gray (N6) 
on fresh surface. 
N-91-400  Rhythmically bedded limestone and mudstone 
and  turbidites, micritic limestones are even, thin to 
N-91-407  medium bedded, weather grayish orange (10YR7/4) 
to yellowish gray (5Y7/2) and are light olive gray 
(5Y6/1) on fresh surface. The mudstones are 
yellowish gray (5Y7/2) to pale greenish yellow 
(10Y8/2) on weathered surface and are yellowish 
gray (5Y7/2) to light olive gray (5Y6/1) on the 
fresh surface. 
MZ-91-27  Micritic limestone, ridge former, faintly laminated, 
with thin argillaceous beds that show pinch and 
swell structure, weathers very pale orange 
(10YR8/2) to grayish orange (10YR7/4) with 
moderate yellowish brown patches (10YR5/4). The 
fresh color varies from dark gray (N3) to grayish 
black (N2). 
MZ-91-19  Massive, ridge former, wackestone to packstone, at 
places micritic, weathering color light brownish 
gray (5YR6/1) and fresh color is light gray (N7) to 
medium light gray (N6). 
MZ-91-1  Medium to thick bedded, wackestone to grainstone 
composed of foraminiferas and broken oyster shells, 
weathers very pale orange (10YR8/2) to yellowish 
gray (5Y7/2) and the fresh color is yellowish gray 
(5Y712) to light gray (N7). 
N-91-119  Nodular, ridge former, knobby weathering, medium 
to thick bedded, wackestone to grainstone with 
forams, echinoids, crinoids, broken sand dollars, and 
algae, bioturbated at the base, weathers yellowish 
gray (5Y7/2) and fresh color is yellowish gray 
(5Y8/1). 
R1,-91-15  Medium to thick bedded, deeply weathered channel 
sandstone with altered lithic fragments, weathers 
grayish orange (10YR7/4) while the fresh color is 
very pale orange (9YR8/2) to yellowish gray 
(5Y7/2). 36 
Sample N-91-204 (Fig.  2.19 for location)  is  of organic rich 
shales and is considered excellent potential source with TOC of 4.3% 
(Roy le  and  Smith,  1992).  The  spectrometer  plot  shows  four 
absorptions  at about  1.4,  1.9,  2.25, and 2.35 gm, respectively (Fig. 
2.7).  Hunt and Salisbury (1976) interpreted  that  clays commonly 
create absorption at or close to 1.4 and 2.2 or 2.3 p.m range due to 
the presence of the OW and the absorption due to water appear  near 
1.4  and  1.9 p.m.  Similarly,  the presence of ferrous iron  in  clay 
minerals or the weathering product of ferric oxide, shows absorption 
near  1.0 pm range; while ferric oxide produces a characteristic fall 
off  in  intensity  towards  the  blue  near  0.5  and 0.86 µ m.  The 
absorptions  at  1.4,  1.9  and  2.25 p.m  are  interpreted  here  to  be 
related to the water and hydroxyl present in clays.  However the one 
at  2.35 µm is due to the presence of calcite in these marly shales. 
The marly character of these shales is due to their association with a 
thick  carbonate  sequence.  These  shales  fizz when tested  with 
hydrochloric acid, thus confirm the above interpretation.  A gentle 
slope in the visible part of the spectrum suggests a relatively darker 
color for these shales possibly due to the presence of organic matter. 
Samples N-91-400 and N-91-407 (Fig.  2.5 for location) were 
collected from the turbidite facies of Nisai Formation.  The sample N­
91-400 shows two absorptions at  1.9 and 2.35 pm, respectively (Fig. 
2.8).  However, compared with N-91-204 there is only a very weak 
absorption  at  1.9 pm.  The low absorption at  1.9 pin is due to the 
presence of water.  The 2.35 pm absorption  is,  however, due to 
calcite. The relatively very gentle slope in visible and near infrared 
bands suggests that this limestone is of darker color.  Furthermore, 37 
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FIG. 2.7: Reflectance spectra of sample N-91-204. 
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FIG. 2.8: Reflectance spectra of sample N-91-400. 38 
the spectrometer signature also suggests that the finely disseminated 
carbonaceous material  is  so thoroughly mixed with the carbonates 
that  it  has  almost masked  all  but  the  strongest carbonate band. 
Similar  results  have  also been reported by Hunt and  Salisbury 
(1976).  The geochemical analysis (Roy le and Smith, 1992) suggest 
that this rock also has a very good source rock potential,  as the TOC 
values are 2.05%. 
Sample N-91-407 shows four absorptions at about 1.4,  1.9,  2.2 
and  2.35 gm (Fig. 2.9).  The first three absorptions are due to water 
and hydroxyl present in the small amount of clay, while the fourth 
one is due to  calcite.  The steeper slope,  in the visible and near 
infrared bands, suggest that  the sample  is  lighter  in  color.  The 
lighter color is related with the lower percentage of organic matter, 
as the TOC of this sample is 0.46 %.  It  is, however, interesting to 
compare the slope in the visible and near infrared parts of the two 
spectra of samples N-91-400 and N-91-407.  Sample N-91-400 has a 
very gentle slope, while N-91-407 has a relatively steeper slope and 
shows  absorption  at  1.4  and  2.2 gm, which  is  characteristic  of 
hydroxyl that occurs strongly in the clays.  This comparison suggests 
that sample N-91-400 is  organically richer and is  less  argillaceous 
than N-91-407. 
The  spectral  reflectance measurement of sample MZ-91-27 
(Fig.  2.5  for  location)  shows two major absorptions  at  1.9  and 
2.35 gm and two minor ones at  1.4 and 2.2 p m (Fig. 2.10).  The 
presence of water and a small percentage of clay is portrayed by the 
absorptions  at  1.4,  1.9 and 2.211m in the spectral signature of the 
sample.  The one  at  2.35 pm is,  however, due  to  the  carbonate 39 
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FIG. 2.9: Reflectance spectra of sample N-91-407. 
100
 
so 
so 
40
 
20
 
0
 
400  2500
 820  1240  1660  2080
 
WAVELENGTH (1.1 m) 
FIG. 2.10: Reflectance spectra of sample MZ-91-27. 40 
lithology.  It  is interesting to compare its spectral signature and slope 
in the visible and near infrared bands with N-91-400 and N-91-407. 
It shows more intense absorption at  1.4 and 2.2 gm than N-91-400 
and comparable or less intense absorption than N-91-407.  Similarly 
it has an intermediate slope in the visible and  near infrared bands. 
This implies that MZ-91-27 is intermediate in composition compared 
with the other two samples.  It is darker but less argillaceous than N­
91-407 and lighter and more argillaceous than N-91-400.  Sample 
MZ-91-27 is from the  turbidite facies of Nisai Formation that  are 
conformably  overlain  by  the  prodelta,  Murgha Faqirzai  shales. 
Furthermore,  these  are  exposed  over  a  substantial  area.  The 
comparison of  its  spectral  signatures  with samples N-91-400 and 
407 suggests  that N-91-27 possibly has  fairly  good source rock 
potential and in  the next field season  it  should be systematically 
sampled for new source rock geochemical analysis. 
Three samples MZ-91-19, MZ-91-1, and N-91-119 (Fig. 2.19 for 
location) are from shallow water facies of Nisai Formation.  Spectral 
reflectance measurements were taken to study whether these three 
limestones belong to  the same unit and were deposited in  similar 
environments. 
The spectral signatures of all three samples show absorption at 
1.4,  1.9,  2.2 and 2.35 gm.  The water and hydroxyl features of clay 
minerals are displayed near 1.4,  1.9 and 2.2 p.m, while the carbonate 
bands are apparent at  2.35 pm.  A very weak carbonate absorption 
is  also present near 2.0 p.m, in sample MZ-91-19.  It is interesting to 
compare the  spectral  signature of the  absorption  at  2.2 pm of all 
three  samples.  One  interesting  relationship  is  that  when the 41 
absorption  at  2.2 gm  increases,  those  at  1.4  and  1.9 g In 
correspondingly increase also.  The sample N-91-119 shows the most 
(Fig.  2.11),  sample MZ-91-1 shows intermediate  (Fig.  2.12),  and 
sample N-91-19 shows the least effects (Fig. 2.13). 
This comparison suggests that the proportion of clay minerals 
increases from MZ-91-19 to MZ-91-1 to N-91-119.  This implies that 
MZ-91-19 is  less argillaceous than MZ-91-1; while N-91-119 is  the 
most argillaceous.  In carbonate rocks, terrigenous clays are derived 
from the land, so argillaceous limestones with high clay  percentages 
should be deposited closer to the shoreline than those with low clay 
content.  Field studies and carbonate petrography suggest that these 
limestones  are  fresh  and have  not been  diagenetically  altered. 
Furthermore, field studies also show that N-91-119 is  overlain by a 
thick sequence of delta front shales and sandstones, while MZ-91-1 is 
overlain mainly by shales and few sandstone lenses, and MZ-91-19 is 
overlain by marls.  I interpret this to suggest that the N-91-119  was 
deposited close to the shoreline where there was a substantial input 
of siliciclastic sediments.  MZ-91-1 was deposited sea ward from N­
91-119, and MZ-91-19 was deposited even farther away from the 
shoreline.  This  comparison  of  spectral  signature  supports  the 
interpretation that these limestones are, in fact, three different units 
deposited in different shallow marine environments. 
The  spectral  signatures  of limestone samples N-91-119 and 
MZ-91-1 show a broad absorption at 0.86 gm.  Hunt and Salisbury 
(1976) suggested that ferric oxide produces absorption near 0.5 and 
0.86 gm.  The above mentioned absorption is interpreted to indicate 
the presence of ferruginous clays in these limestones.  The slope of 42 
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FIG. 2.11: Reflectance spectra of sample N-91-119. 
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FIG. 2.12: Reflectance spectra of sample MZ-91-1. 43 
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FIG. 2.13: Reflectance spectra of sample MZ-91-19. 44 
the  spectral  signature  in  the  visible and near infrared bands also 
varies in these three samples.  It  is  steepest for N-91-119, and less 
steep for MZ-91-1 and least for N-91-119.  This suggests that while 
selecting band ratios, 3/2 and 4/3 beside 7/5 may be the best ratios 
to get maximum discrimination among these limestones. 
The sample RL-91-15 (Fig. 2.5 for location) was collected from 
one of the outcrops that were previously interpreted  as  the Nisai 
Formation (Lawrence, 1991).  On the false color image, these outcrops 
resemble with the Nisai Formation because of their yellowish color. 
The Nisai Formation is exposed farther to south.  The Landsat image 
shows that these rocks are exposed mainly in the cores of some 
anticlines.  These outcrops show relatively  greater absorption  in 
band seven, in contrast to the other pro-delta shales and delta front 
sandstones  that  are exposed in  the  cores and limbs of adjacent 
anticlines.  The Nisai Formation also shows absorption in band seven 
because of its  carbonate lithology.  That was why, these outcrops . 
were previously interpreted as  the Nisai Formation on the Landsat 
imagery. 
When one of these outcrops was visited in the field,  it turned 
out to be of siliciclastic lithology.  The field relationship showed that 
these  were  channel  sands  within  the  dominantly  delta  front 
sequence.  Furthermore,  these  sandstones were ferrugenous  and 
relatively  deeply  weathered  compared  with  other  delta  front 
sandstones  Field (Fig. 2.14) and the petrographic studies (Fig. 2.15) 
of these sandstones suggested that the higher percentage of lithics 
and ferromagnesiam minerals have been altered  to form diagenetic 
clays and limonite. 45 
FIG.  2.14:  Thick-bedded,  ferrugenous,  channel,  delta  front 
sandstones in the middle part of the Shaigalu unit. 
FIG. 2.15:  Photomicrograph of sample RL-91-15.  It  is  fine  to 
medium grained,  silica  cemented  lithic  arenite.  Note  the 
common alteration of volcanic fragment into diagenetic clays. 46 
The  spectral  signature  of the  sample RL-91-15 shows four 
main absorptions  at  0.86,  1.4,  1.9  and 2.2 gm, respectively  (Fig. 
2.16).  The water and hydroxyl features of the clay minerals  are 
displayed near  1.4 and 1.9 gm.  However, a very strong absorption 
at  2.2 gm is  interpreted to be due to  a higher percentage of clay 
minerals  than  the  surrounding  delta  front  sandstones.  These 
surrounding  sandstones  show  comparatively  little  absorption  at 
2.2 gm.  The relatively higher degree of weathering observed in the 
field and petrographic studies as well, also suggest the  presence of a 
higher content of clay minerals in these channel sandstones.  The 
spectral signature  also shows (Fig.  2.16) very  little  absorption  at 
about  0.86 gm.  Hunt and Salisbury (1976) suggested that limonite,  a 
hydrous  ferric  oxide, when present in  the rocks  generally shows 
absorption from 0.85-0.92 gm.  Similarly, the ferric oxide produces a 
characteristic absorption near 0.5 and 0.86 gm.  I  interpret that the 
absorption seen  at  0.86 gm is due to the presence of limonite;  a 
weathering product of lithic clasts present in the rock. 
Band Ratioing 
There are a variety of ways to process and display remotely 
sensed data.  It can be displayed as gray tone images of single bands, 
or as three band color images.  They can also be shown as various 
arithmetic combinations, because in  a  digital image, each pixel  is 
assigned certain  value commonly referred  as  the  Digital Number 
(DN).  The ratio images are prepared (Sabins, 1986) by dividing the 
DN for each pixel in one band by the corresponding DN in another 
band.  The resulting values are then stretched and plotted  as an 47 
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FIG. 2.16: Reflectance spectra of sample RL-91-15. 48 
image.  The black and white extremes of the gray scale represent 
pixels with the  greatest difference  in  brightness between the two 
corresponding spectral bands in  these  ratio images.  The brightest 
signatures are areas where the denominator of the ratio  is  smaller 
than  the  numerator.  Conversely,  for  the  darkest  signatures,  the 
numerator is  smaller than the denominator.  There is  generally no 
difference between the two bands, if the denominator and numerator 
are the same. 
Band ratioing depicts the amount of between-band correlation, 
in spatial terms (Jensen,  1986).  Band ratios are very significant in 
geologic remote sensing.  The ratio images minimize the first order 
effects  of brightness  variations  due  to  topographic  slope,  which 
otherwise  are  mixed with  the  spectral  information.  It  is  very 
important  to  remove  the  effects  of  shadowing  before  making 
lithologic discriminations.  Furthermore, ratio images permit one to 
display the difference between slopes of reflectance  spectra of the 
bands in one image (Abrams, 1980).  Therefore, ratio images can be 
meaningfully  interpreted  as  they  can  be  directly  related  to  the 
spectral  properties  of  materials.  Increased  information  can  be 
obtained by using those ratios  that maximize the differences in  the 
spectral slopes of materials in the scene.  Generally, the lower the 
correlation  between  the  bands,  the  greater  the  amount  of 
information in  a ratio image.  Table (2.4) summarizes the use of 
certain  ratios  to  accentuate  the  spectral  differences  of important 
geologic units generally observed on these images. 49 
Table 2.4:  Summary chart of the common uses of Thematic Mapper 
(TM) Band Ratios  to  extract geologic and other information 
(modified after Sabins, 1986; Jensen, 1986; Rees, 1990). 
TM Band Ratio	  Common Use 
1/2	  Bathymetry 
2/3	  Defines variations in Fe 
content, Bleached rocks, 
Vegetation 
2/5	  Identification of water 
bodies in subtle wetlands. 
3/1	  Formations with high 
content of iron oxide. 
3/4	  Defines vegetation, Reduces 
misclassification of 2/3, 5/7 
4/7	  Geological mapping
 
(Alluvial fans)
 
5/6	  Litho logical differences, 
Vegetation contrasts 
5/7	  Lithological differences, 
potentially useful for 
mapping hydrothermally 
altered rocks associated with 
mineral deposits. 50 
Laboratory  analyses  suggested  that  the  spectral  differences 
between  Nisai  samples  were  greatest  in  the  lower  wavelength 
regions (TM bands  1,  2,  3, and 4).  This implies that ratios as 4/3, 
3/2,  and  2/1  may be  best  for  the  most discrimination between 
lithofacies of Nisai Formation.  Furthermore, 7/5 or 5/7 ratios  are 
generally considered good ratios  for  lithologic  differences  (Sabins, 
1986).  In  the  project  area,  limestones  are  generally interbedded 
with  shales  and  are  in  either  faulted  or  normal  contact  with 
sandstones.  My study showed  that  7/5  was  the  best  ratio  to 
discriminate these different  lithologies present in  the project area. 
This ratio readily differentiates the high absorption (dark tone) areas 
that  are  characteristic  of carbonate lithology from the  areas with 
moderate to low absorption (Fig. 2.17).  The sandstones in the project 
area  generally  show  low  absorption  whereas  the  shales  have 
generally  moderate  absorption.  The  moderate  tone  of  the 
interbedded shales  is probably due to  their calcite content.  These 
shales are marly at places and fizz when treated with dilute HCL in 
the field.  Thus, 7/5, 4/3 and 3/2 ratios were used to  differentiate 
lithofacies present in the Nisai Formation (Fig. 2.18).  These ratios 
provided the maximum discrimination of different lithologies present 
in the study area. 
Moreover, the use of spectral signatures as measured with the 
spectrometer has also confirmed that overall percentage reflectivity 
shown  by  the  image  brightness  can  be  used  to  differentiate 
lithofacies within the Nisai Formation unit.  Thus, by using these 
ratios and results from the spectral analyses,  I have subdivided the 
study  area  into  more  than  12  stratigraphic-radiometric  units I  :3 
FIG. 2.17 A 
FIG. 2.17: Band ratio 7/5, in red, of the study area. 
absorption  (black)  in  the  areas  where Nisai 
exposed. A and B are in the east and west respectively. 
Note the high 
Limestone  is FIG. 2.17 B
 53 
FIG. 2.18 A 
FIG. 2.18: Color ratio composite image of the study area.  Band 
ratios 7/5, 4/3, and 3/2 have been displayed in red, green and 
blue,  respectively.  A and B  are  in  the  east  and west 
respectively. 54 
FIG. 2.18 B
 55 
(Fig  2.19).  Due to  a  close  similarity between the corresponding 
lithologies,  some  of  the  stratigraphic-radiometric  units  have 
approximately similar spectral signatures.  As they are  at  different 
stratigraphic  levels,  therefore  they  have  been  interpreted  as 
separate stratigraphic-radiometric units. 
On the false color image (5,4,2) some of the channel sandstones 
of Shaigalu unit are yellowish in color, whereas rest of the delta front 
sandstones that comprise the whole unit are greenish in color (Fig. 
2.4).  Similarly, the Nisai Formation also appears yellow  on the same 
false  color image  that  prior  to  any  field  work these  channel 
sandstones were interpreted  as  part  of the  Nisai  unit (Lawrence, 
1991).  I used 7/5  ratio  to differentiate lithologies in the area of 
interest.  All these channel sandstones show relatively  very high 
absorption  (almost  black  tone)  compared with  other  delta  front 
sandstones  (Fig.  2.20).  Reflectance derived from the spectrometer 
measurement of the sample RL-91-15 shows that there  is  a very 
strong  absorption  at  2.2 gm (Fig.  2.16) due to  the presence of 
different  clays.  Therefore,  I  interpret  that  the  very  strong 
absorption is because of the higher percentage of clay minerals in 
these channel sandstones.  In contrast, the Nisai limestone samples 
show strong  absorption  at  2.3 pm due to  their calcite composition. 
To get the maximum discrimination of these channel sandstones, 
combined the 7/5 ratio with 4/3 and 3/2 ratios and displayed these 
ratios  in  red,  green  and  blue  colors,  respectively  (Fig.  2.21). 
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FIG  2.20: Band ratio  7/5,  in red, of the middle part of Katawaz 
Basin.  Note the high absorption in  the areas where channel 
sandstones  of  the  Shaighalu  unit  that  resemble  the  Nisai 
Limestone are exposed. 58 
FIG 2.21: Color ratio composite image of the middle part of Katawaz 
Basin.  Band ratios 7/5,  4/3, and 3/2 have been displayed in 
red, green and blue, respectively.  Compare the bluish outcrops 
of the channel sandstones with other  delta  front sandstones 
that appear green. 59 
Other Processing Techniques 
Other processing techniques were also attempted.  For example, 
supervised  and  unsupervised  classifications  and  principal 
components analysis were applied  to  the  Nisai Formation but the 
results  were  inconclusive.  This was because  I  was  trying  to 
subdivide  a  single  stratigraphic  unit,  dominantly  composed  of 
carbonates, further into different lithofacies. 
Supervised classification is generally defined as the process of 
using  samples  (pixels)  of known identity  to  classify  pixels  of 
unknown identity (Campbell, 1987).  Precise selection of the sample 
is  a key step in supervised classification.  So when the supervised 
classification was applied the results were not good enough to make 
any  plausible  geological  interpretation  with  lot  of  certainty  and 
confidence. 
Unsupervised classification can be defined as the identification 
of  natural  classes  within  multispectral  data.  Unsupervised 
classification  is  defining, identifying and mapping of these natural 
classes (Campbell,  1987).  These natural classes are based on the 
assumption that remotely sensed images are  usually composed of 
spectral classes  that internally are reasonably uniform in brightness 
in several spectral channels.  The unsupervised classification like the 
supervised  classification  was  not  pursued  either,  for  the  same 
reasons.  However, the unsupervised classification worked quite well 
to differentiate the four major units exposed in the project area,  i.e., 
Nisai Formation,  Sharankar,  Shaigalu and Murgha Faqirzai.  The 
unsupervised classification was not further pursued, because similar 60 
results had already been obtained by displaying the data in different 
bands and using ratios. 
Principal components  analysis  is  a  statistical  form of data 
compression  (Jensen,  1986).  The multispectral images generally 
show  a  significant  degree  of  correlation  between  bands.  This 
correlation  also  indicates  that  there  is  much redundancy  in  a 
multispectral data set (Sabins,  1986).  The amount of data required 
to describe a multispectral image can be compressed by reducing the 
redundancy in  the  data.  Such correlation can have  a  variety of 
causes.  In a multispectral image, the bands may overlap.  Similarly 
the  spatial  variations  in  atmospheric propagation  and/or viewing 
geometry may affect  all  the bands in  similar ways.  Furthermore, 
there may be  a  real  physical  correlation between  the measured 
properties (Rees, 1990).  One approach to tackle this problem is  to 
transform the raw multispectral data into new bands that  are linear 
combinations of the old ones.  These new bands contain ordered 
variance  properties.  Jensen (1986)  suggested  that  the  spread  or 
variance  of  the  distribution  of  points  is  an  indication  of  the 
correlation and quality  of information associated  with  these new 
bands. 
The principal components transformation  is used to compress 
multispectral  data  sets  by  calculating  a new coordinate  system. 
Principal components analysis applied to multispectral data produces 
a  series  of linear  transformations  of the  observed variables  that 
result in a new, smaller set of mutually orthogonal variables.  Thus, 
principal components analysis may reduce the dimensionality of the 
change  detection  problem  without  losing  useful  information. 61 
Therefore,  the  digitally processed new principal component images 
are  often  more  interpretable  because  these  are  produced by  a 
transformation that recognizes maximum variance in  a multispectral 
image.  The principal components analysis can be applied to  all or 
any subset of the channels composing a multispectral data set.  For 
example, n-group of single bands, n-group of ratios, combination of 
different bands and ratios.  The number of components produced will 
equal the number of channels being analyzed (Avery and Berlin, 
1985). 
A principal components analysis was applied to  the Katawaz 
data by using different bands and ratios.  Later, another principal 
components analysis was performed by combining different bands 
and ratios.  However, the  principal components analysis  did not 
differentiate meaningfully the Nisai Formation.  The results were not 
geologically plausible, mainly because I was dealing with dominantly 
carbonate lithologies.  Even the other minor lithologies like marls also 
have substantial amounts of calcite and the interbedded basal shales 
have calcite as cement. 
CONCLUSIONS 
Digital image processing of remotely sensed data suggests that 
maximum discrimination  of  different  rock  units  exposed  in  the 
Katawaz Basin could be achieved by displaying the bands 5, 4, and 2 
in red, green and blue colors, respectively.  However, my study also 
showed that this band combination was not suitable to differentiate 
the  interbedded  sandstones  within  the  Nisai  Formation.  Best 
discrimination  of  these  interbedded  lenses  of  sandstone  was 62 
achieved by using bands 7, 4 and 2 in red, green and blue colors, 
respectively. 
Petrographic analysis also confirmed that the tonal contrast of 
the Shaigalu and lower Sharankar units are due to the difference in 
their composition. 
The  stereo  viewing  technique  proved  very  helpful  for 
structural  interpretation,  e.g.,  in  identifying  different  lineaments, 
lateral  continuity of key beds,  their trend and direction of  tilt  of 
different lithofacies, particularly in the areas where either there  was 
a shadow zone or the rocks were complexly folded and faulted.  To 
get maximum information, the same 7, 4 and 2 bands were used for 
stereo viewing. 
Laboratory  spectral  measurements  suggested  that  different 
shallow water and source rock lithofacies of Nisai Formation were 
best discriminated in  the lower wavelength spectrum from 0.45  to 
0.90 iu m represented by TM bands 1, 2, 3, and 4. 
The use of laboratory  spectral  analyses  also confirmed  that 
overall  percentage  of reflectivity  can be  applied  to  differentiate 
lithofacies  within Nisai Formation, by using the image brightness 
recorded by the satellite. 
The most discrimination information between carbonate and 
siliciclastic lithologies was obtained by using the 7/5 ratio.  A distinct 
contrast was achieved when this  ratio was combined with 3/2 and 
displayed in red and blue, respectively. 
Maximum spectral contrast of different lithofacies within the 
Nisai Formation was achieved by using band ratios 7/5, 4/3 and 3/2, 
when displayed these ratios in red, green and blue, respectively. 63 
This study also confirmed the use and importance of spectral 
analyses  in  case  of channel  sandstones.  The identification  and 
separation of the channel sandstones, within Shaigalu member, from 
Nisai Formation only became possible when the laboratory spectral 
measurements  of  these  sandstones  were  analyzed  and combined 
with  petrographic  study.  Results  of  these  studies  were  later 
incorporated in the image processing.  Therefore,  it  is suggested that 
future image processing should be combined with spectral analysis, 
whenever representative samples are available from field work. 
I  also  recommend  integrating  this  work  with  further 
geochemical, X-ray diffraction,  thin  section and scanning electron 
microscopy  on  the  representative  suite  of  samples  for  further 
qualitative and quantitative interpretation of the spectral data.  This 
study will help to establish a correlation between a unique spectral 
signature and the percentage and types  of clays and or minerals 
present,  and  their  alteration  if  any.  This  improved  spectral 
interpretation  could  be  used  to  refine  future  data  processing 
techniques and improve their  geologic  interpretation.  By further 
developing  these  techniques,  one  should be  able  to  predict and 
differentiate possible source and reservoir rocks in  a basin on the 
basis of digital data processing.  Furthermore, this  will also help 
better plan future field excursions with more precise objectives and 
possible questions to be addressed in the field. 64 
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CHAPTER 3
 
Sedimentology and Paleotectonics  of
 
the Nisai Formation, Katawaz Basin, Pakistan:
 
Implications on the Timing of Ophiolite Emplacement
 
Mazhar Qayyum 68 
ABSTRACT 
The late Paleocene to early Oligocene Nisai Formation in the 
Katawaz Basin represents  a continuum of shallow-water carbonate 
platform, slope and basinal turbiditic  lithofacies.  Previously, Nisai 
was considered  to  be  deposited  in  shallow-water  shelfal  marine 
environments.  The emplacement of ophiolites not only revised the 
structural  configuration  of  the  western passive margin of Indo-
Pakistan  subcontinent but  also  heralded  deposition  of  the  Nisai 
Formation.  Newly formed structural highs and lows controlled the 
deposition  and  thickness  of  associated  carbonate  lithofacies. 
Deformation  due  to  subsequent  closure  of  the  Katawaz Basin 
juxtaposed these lithofacies and complicated their field relationships. 
New age data of benthic forams provides new constraints  on the 
timing of the ophiolite emplacement in early Paleocene. 
INTRODUCTION 
The Nisai Formation has been described as  a shallow marine 
deposit in the Katawaz Basin of northwest Pakistan (Jones, 1961).  It 
is dominantly composed of limestones and subordinate shales, marls 
and  unconformably  overlies  the  Muslimbagh  ophiolites.  The 
Muslimbagh  ophiolites  were  emplaced  on  the  western  passive 
margin of the  Indo-Pakistan platform sequence during Paleocene­69 
early Eocene time (Allemann, 1979) along the Muslimbagh Thrust. 
The Muslimbagh ophiolites  are now exposed  to  the  east  of the 
Katawaz Basin. 
The Katawaz basin is located northwest of the Sulaiman Range 
in  Pakistan  and  adjacent  Afghanistan  (Fig.  3.1).  Its  western 
transpressional boundary  is  marked by  a major  left-lateral  strike 
slip fault, the Chaman fault, which separates it from the Afghan Block 
(Lawrence and Yeats, 1979; Lawrence et  al.,  1981; Treloar and Izatt, 
1993).  The dominantly compressional eastern boundary of the basin 
is defined by the Zhob thrust that emplaces the Katawaz sequence  on 
top of ophiolitic melange and accretionary prism strata. 
The Katawaz sequence is composed of the Nisai, Khojak and 
Bostan Formations (Jones,  1961).  The entire sequence is more than 
8,000 m in thickness.  The oldest unit, Nisai Formation, is more than 
850 m thick.  Field work and Landsat studies (Qayyum et al.,  1994b) 
suggest that the Nisai Formation is mainly exposed along the Zhob 
Thrust.  The other area, within the basin, where this unit crops out is 
in  the Sharan Jogazai Pop-up zone, west of the Zhob Thrust and 
Sharankar syncline (Fig.  3.2).  Nisai Formation is  overlain by time-
transgressive,  late  Eocene-Oligocene  siliciclastic  Khojak Formation 
that  constitutes  the  major  portion  of  the  Katawaz  sequence. 
Minimum thickness of the Khojak Formation is  6,300 m.  Recent 
work in the Katawaz Basin (Qayyum et  al.,  1994 a,  b;  1996 a,  b; 
1997) suggests that the Khojak Formation represents a paleo-Indus 
delta-submarine fan continuum in  the Katawaz basin.  The Khojak 
Formation is then unconformably overlain by the Pleistocene Bostan 
Formation. 70 
FIG. 3.1: Tectonic map of the Katawaz Basin and associated tectonic 
features.  The left-lateral Chaman fault  (CF)  separates  the 
Katawaz Basin from the Afghan Block.  The Zhob Thrust (ZT)
brings the Katawaz sequence over the Muslimbagh ophiolitic 
mélange and accretionary prism sediments.  Note the position 
of Hill, Kirthar and Sulaiman Ranges, and Kohat and Potwar 
Plateaus.  The small rectangle in the Katawaz Basin specifies 
the area of Fig. 3.2. 71 
L 
INDIAN 
OCEAN 
m p,i(R 
INDUS 
DELTA 
Quaternary 
Sediments 
Khojak Sequence
 
(Deltaic & Flysch)
 
Fold-and-Thrust
 
Belt
 
Cimmerian
 
Microcontinents
 
Late Paleozoic
 
Continental Mass
 
Ophiolite & Related
 
Melanges
 
Mesozoic/ Cenozoic
 
Andesitic Arcs
 72 
FIG.  3.2:  Major faults  and  significant  locations  in  the  central 
Katawaz Basin.  The Nisai Formation is exposed along the Zhob 
Thrust and in  the Sharan Jogazai Pop-up Zone.  The major 
synclinal structure  is  the Sharankar syncline, where Sharankar 
unit is exposed.  Note the location of measured sections: (1) Rud 
Faqirzai, (2) Nisai Railroad, (3) Gardab Manda, (4) Pinza Tilare 
Tsah, (5) Torai Nisai,  (6) Manzaki, and (7) Kharsangan (Afzal 
Gas Seep). 31.5 
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This study subdivides Nisai Formation into different lithofacies, 
interprets  their  carbonate  depositional  environments  and  paleo­
tectonics,  and documents for the  first  time deeper water turbidite 
facies associated with this  unit.  It  is  based on four stratigraphic 
sections, Nisai Railroad, Pinza Tilare Tsah, Torai Nisai, and Gardab 
Manda (Appendix A) measured in  different parts  of the Katawaz 
Basin (Fig. 3.2).  First,  I describe Nisai Railroad section in detail, and 
incorporate  the  salient  features  of corresponding  lithofacies  from 
other  stratigraphic  sections.  It  also includes observations made in 
other parts of the basin during this study.  These observations focus 
on the presence or absence of certain lithofacies, and their thickness 
and lithological variations in the Katawaz Basin.  These observations 
are then related  to  the  structural configuration of the basement of 
Katawaz Basin when these lithofacies were deposited.  New benthic 
foramineferal  age  data  of  the  Nisai  Formation  also  provide 
constraints on the timing of ophiolite emplacement on the western 
passive margin of the Indo-Pakistan subcontinent. 
SEDIMENTOLOGY OF NISAI FORMATION 
Following is  a brief discription of different lithofacies of the 
Nisai Formation, and their vertical and lateral thickness variations in 
the basin.  The Nisai Railroad section is more than 850 m thick, and 
contains  a  maximum  of  eight  lithofacies  associated  with  the 
Formation.  Similar lithofacies were also observed at other measured 
sections and locations in the Katawaz Basin.  However, not all these 
lithofacies are present in every section, and the overall thickness and 
some lithologic characteristics also vary. 75 
Lithofacies 
These following lithofacies have been described on the basis of 
the  dominant  lithologies  and  stratigraphic  position  in  the  Nisai 
measured sections.  Dunham's (1962)  classifications  of carbonate 
rocks has been followed to describe carbonate lithofacies within the 
Nisai Formation. 
Lithofacies A: It consists of almost 95 m of light gray, thin-
to  medium- rhythmically  bedded,  graded,  rib-forming  foram 
packstone, minor grainstone, and some micrite layers bearing small 
planktonic forams interbedded with  less  resistant terrigenous  gray-
green shales.  Bouma ABC and AB sequences locally occur in the 
pack- and grainstones.  Six  pale  white  carbonate  turbidite  and 
allodapic carbonate breccias deposits characterize this facies (Fig. 3.3 
a,b).  These  are  1  to  17 m thick.  The generally  non-graded, 
calcareous breccia are framework-supported.  Mainly angular clasts 
in  the  breccia range  in  size  from pebbles  to  boulders,  and  are 
composed of foram packstone in a recrystallized argillaceous micrite 
matrix.  The matrix  also  contains abundant benthic  foraminifers. 
Large,  resedimented  shallow-marine,  benthic  forams  (e.g., 
Nummulites, Alveolids, Lepidocyclids, Lockhartia, and Kathina), algal 
coated grains, oncolites, corals, and encrusting and bored red algae 
are  abundant,  either  as  loose fragments or within  sparry  calcite 
cemented foram packstone intraclasts.  The resedimented clasts  in 
these  allodapic breccia deposits  are compositionaly similar  to  the 
shallow-marine, benthic foram-rich limestones at the top of the Nisai 
Railroad type  section.  Small, deep-water, planktonic forams,  e.g., 76 
FIG. 3.3A: Close-up of a block of foram packstone turbidite in basal 
part (Lithofacies A) of Nisai Railroad section.  Pencil for scale. 
B:  Close-up  of  the  poorly  sorted  angular  to  subangular
framework supported pebbles  and cobbles  in  the  allodapic 
debris flow or carbonate breccia of Lithofacies A. Carbonate 
pebbles  are  micritic,  algal,  and foraminiferal limestone in  a 
micritic matrix. 77
 78 
Globigerinids,  also are mixed with the shallow-water fauna in these 
allodapic breccias, and occur in the interbedded shales and micrites. 
These breccias are interpreted as debris flow deposits.  The thicker 
debris flow deposits are channelized.  Similar, although thinner, 0.5 
to  9 m thick, calcareous debris flow deposits composed of angular 
cobble- to  pebble-sized  clasts  of limestone  are  intercalated  with 
rhythmically  bedded,  flute-marked  foraminiferal  packstone 
turbidites in the Pinza Tilare Tsah section.  Similar, but rare debris 
flow deposits are also present in the lower part of the  siliciclastic 
Murgha Faqirzai member of the Khojak Formation. 
Lithofacies B: Unit B consists of 55 m of olive gray, platy to 
fissile, homogeneous, calcareous terrigenous shales that weather light 
olive gray to distinctly green-gray (Fig. 3.4).  These strata are cut by 
thin veins of sparry  calcite.  The lower and upper contacts with 
lithofacies A and C are gradational. 
Lithofacies  C: This facies  is  a rhythmic, thin- to medium-
bedded,  soft,  light gray sequence of interstratified planktonic foram 
wackestone and pale yellowish blue-gray mudstone and marls (Fig. 
3.4).  Buff-colored limestone interbeds  are composed of abundant 
pelagic globigerinid forams and sponge spicules  in  a recrystallized 
argillaceous clay-micritic matrix as seen in thin-sections  (Fig.  3.5). 
This  65 m thick  unit  constitutes  a  distinctive,  thin,  marker bed 
sequence that forms a low ridge between the thicker, slope-forming, 
olive gray  shale below and the  thick,  slope-forming,  olive brown 
fissile calcareous shale above.  Uniform planktonic foram wackestone 
display sharp to gradational bottoms and tops.  There is no obvious 7 9
 
FIG. 3.4: Bottom part of the Nisai Railroad section.  Note green shale 
(Lithofacies  B)  at  bottom  of  photo,  65 m sequence  of 
interbedded buff-colored limestone with blue-gray mudstones 
(Lithofacies  C),  planktonic foram wackestones and overlying 
olive brown shales (Lithofacies D).  Cliff is  thin- to medium-
bedded, well-indurated micritic limestone and calcareous shale 
(Lithofacies E). 80 
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FIG.  3.5:  Photomicrograph  of planktonic  foram w ackes tone  of 
Lithofacies C.  Limestone consists of pelagic Globigerina forams 
and a few spongespicules in a dark argillaceous matrix.  Note 
clear to purple-stained ferroan sparry calcite filling fractures. 81 
grading  or Bouma sequences.  A few small  silt-sized  planktonic 
forams,  i.e., Globigerinids, and some burrows  occur in these soft, 
argillaceous  limestones (many wackestone).  This  facies was not 
observed  at  the Pinza Tilare Tsah section, however,  it  is  present 
elsewhere in the basin. 
Lithofacies  D: Unit D is  nearly 155'm thick.  This unit is 
mainly composed of slope-forming fissile, olive brown  to light olive 
green, terrigenous shales and mudstones (Fig.  3.4).  Dominantly olive 
brown color in the basal part of the unit, grades into light olive  green 
in  the upper part.  There are no limestone  or marl bed.  This 
lithofacies  overlies the thin-bedded, planktonic foram limestone and 
marl sequence  at 212 m to 370 m in  the measured section.  The 
unit occurs only at a very few localities in the basin but nowhere is  it 
as thick as in the Nisai Railroad type section.  For example, the upper 
light olive green part of this facies is  also exposed at the base of 
Pinza Tilare Tsah section, and near the Afzal gas  seep (Fig. 3.2).  At 
Afzal gas seep it depositionally overlies the melange  zone containing 
ultramafic to mafic fault slices of underlying ophiolitic basement (Fig. 
3.6 a,b).  However, the thickness of lithofacies D varies throughout 
the basin.  This facies constitutes the basal 75 m of the Pinza Tilare 
Tsah section, and its base is probably faulted. 
Lithofacies  E: This  lithofacies  is  50 m of  rhythmically 
interstratified yellowish gray (weathered) to light olive  gray, thin- to 
medium-bedded, planktonic  foraminiferal limestone and calcareous 
shale  (Fig.  3.4).  The  foraminiferal  wackestones  contain  some 
burrows.  This  resistant,  cliff-forming  facies  is  locally  highly 82 
FIG. 3.6A: Light gray mélange with resistant ultramafic blocks in 
lower right corner.  These are unconformably overlain by near-
horizontal olive green shales (upper part of Lithofacies D) and 
overlying 150 ft of nearly horizontal rhythmically bedded Nisai 
turbidite limestone and dark shale capping ridge (Lithofacies E) 
one km southeast of the Afzal Gas Seep (Kharsangan) measured 
section. 
B: Close-up of weathered, reddish ultramafic block in mélange 
zone below basal Nisai Formation near Afzal Gas Seep section. C
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deformed into drag folds.  The limestone beds form ribs between the 
thinner shale beds.  The ratio of micritic limestone to  terrigenous 
mudstone is  1:1.  The number of limestone beds increases upward, 
and mudstones  gradually  become more  calcareous.  A similar 
lithofacies  at Pinza Tilare Tsah section  is almost 190 m thick, and 
also contains debris flow deposits similar to lithofacies A.  Limestone 
beds in the lower part of the section are convolute bedded.  In the 
upper part of the section, beds with Bouma BC and flute marks are 
associated  with  more  micritic  limestones  that  have  relatively 
abundant pelagic fauna.  In the lower part of this sequence, a few 
siltstone/very  fine  sandstone  beds  were  observed,  and  locally 
associated limestones contained terrigenous quartz  silt.  Chondrites 
and  Scalarituba ?  type  trace  fossils  that  belong  to  Zoophycos 
assemblage were observed in the equivalent facies  at the Afzal Gas 
Seep and overturned sections, respectively (Fig. 3.7 a,b). 
Lithofacies  F: 50 m thick  unit  consists  of  a  even-bedded 
sequence of laminated to  nodular,  soft,  crumbly, argillaceous,  light 
gray marl (7 cm to one meter thick) interstratifed with 8  to  15 cm 
thick,  fissile, chippy weathering, medium light gray, limy shale.  A 
few  beds  of  large  benthic  foraminiferal  skeletal  packstone  or 
grainstone also occur (Fig. 3.8a).  Soft, argillaceous micritic limestones 
(marls) are laminated at places, and display platy weathering.  These 
marls also contain a  distinctive diagenetic nodular or chicken-wire 
structure  (Fig.  3.8b).  The micritic  nodules  are  7  to  15 cm in 
diameter,  contain  scattered  planktonic  forams,  i.e.,  mainly 
Globigerinids, and sponge spicules, and are surrounded by compact 85 
FIG. 3.7A: Close-up of Y-branching Chondrites trace fossil  at  the 
base of Nisai micritic limestone block. Chondrites is  typical of 
deep-marine slope former Zoophycos trace fossil assemblage 
B:  Systematic grazing  trail  of an unusually large burrowing 
deep-water  organism  (Scalarituba?)  on  bedding  plane  of 
micritic turbidite in overturned section. 0
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FIG. 3.8A: Lithofacies F, potential source rock, 50 m of even, well-
bedded marls  and calcareous  limy  shales  capped by  12 m 
ridge-forming,  medium-bedded  micritic  limestone  and  very
thin shales.  The limestone, marls, and shales yield a strong
fetid smell when broken. 
B: Nodular or chicken wire structure in Lithofacies F.  Nodules 
are surrounded by darker gray, more organic-rich (fluoresces), 
irregularly laminated planktonic foram-sponge spicule-bearing 
micrite.  These limestones emit a strong kerosene odor when 
broken. 
C: Close-up of freshly broken surface of yellow-gray micritic 
limestone of Lithofacies F, revealing dark black color.  Such 
freshly broken surfaces emit a strong petroliferous odor. Pencil 
for scale. 0
0
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darker streaks of terrigenous clay and disseminated organic  matter. 
The fresh color of these organic-rich marls is dark  gray.  They emit a 
fetid odor of escaping volatile hydrocarbons when broken. 
This 50-m thick slope-forming sequence is capped by  a 12-m 
thick resistant ridge of 29 rib-forming  even beds of well-indurated, 
turbidite  limestones,  which  are  gray  to  yellowish  brown  on 
weathered surface,  and dark gray  to  black on fresh  surface  (Fig. 
3.8c).  These  thin- to  medium- bedded  wackestones  are 
interstratified  with  thinner,  less-resistant,  7  to  15 cm  thick 
calcareous (marly) shales.  The limestone to marl ratio is 5:1 to 10:1. 
The  turbidite  limestones  contain  planktonic  forams  and  sponge 
spicules, and freshly broken surfaces emit  a  fetid odor.  Veins of 
white sparry calcite cut these limestones.  Some calcite veins contain 
or are stained by kerosene-smelling "oil" when freshly broken.  The 
only difference between the softer marls and the black limestone is 
the  degree  of  induration,  that  reflects  a  variation  in  micro-
cementation and terrigenous clay content. 
A similar facies at the Pinza Tilare Tsah section is 195 m thick, 
and commonly contains Bouma AB and ABC  sequences, and the whole 
sequence  is  more argillaceous.  Reworked large  benthic  forams 
constitute the graded Bouma A in these carbonate  turbidite beds. 
The beds are intercalated with fine micritic limestone, which contains 
planktonic forams.  The abundance of micritic beds decreases  up-
section and turbidite beds with flute marks and reworked benthic 
forams become more common.  Approximately 9 km east  of the 
Pinza Tilare Tsah section, this turbidite lithofacies is exposed in  an 
overturned section  (Fig.  3.9a).  At this  locality the unit is  at  its 90 
FIG.  3.9A:  Rhythmically bedded  micritic  turbidites  and  shales 
(Lithofacies E) in overturned section, 9 km east of the Pinza 
Tilare  Tsah measured  section  which  consists  of  the  same 
lithology.  Camel for scale. 91 
maximum thickness estimated to be three to four times thicker than 
the  similar  facies  measured  at  the  Pinza  Tilare  Tsah  section. 
Sequence was intact and no faults were observed in this lithofacies at 
the overturned section.  The other prominent feature of this facies is 
the abundance of flute marks and load casts at the base of turbidite 
beds (Fig. 3.9b).  However, paleoflow directions vary from section to 
section.  For example,  in  the  overturned  section  the  dominant 
paleoflow direction was to the east, whereas in the Pinza Tilare Tsah 
section flute  casts showed west-directed paleoflows.  This east and 
west  paleoflow  pattern  was  consistently  observed  in  similar 
carbonate turbidite  lithofacies  at other Nisai limestone locations in 
the basin suggesting a bimodal dispersal pattern. 
Lithofacies G: Compared with lithofacies F, this facies is thin-
to medium-bedded,  light-colored and fine-grained  (Fig.  3.10).  It 
weathers to yellow-gray.  This unit consists of more than 305 m of 
rhythmically  alternating  even  beds  of  limestone  and  calcareous 
mudstone.  These pelagic limestones are pinkish orange to yellow-
gray.  They form thin ribs in a sequence of organic-rich, pale brown, 
calcareous, chippy weathering mudstones and marls.  Only a few 
limestone beds are graded; some contain Bouma Tcde or Tde intervals. 
In thin-section,  the limestones are wackestones containing abundant 
planktonic forams and sponge  spicules  in  argillaceous  or  clayey 
micrite.  Less  resistant,  calcareous  mudstones  and  argillaceous 
micrites  (marls)  also  contain  scattered  planktonic  forams,  e.g., 
Globigerinids.  Limestone to marl ratio varies from 1:1 to 2:1. 92 
FIG.  3.9B:  Flute-marked base  of Nisai  turbidite  limestone bed 
(Lithofacies  E)  in  overturned  section.  Paleocurrent  flow 
direction was toward the east.  Note the prominent secondary 
jointing (fracture porosity) cutting across the flutes. 93 
FIG.  3.10: Alternating thin to very thin, even beds of yellow-gray 
finely  crystalline  planktonic  foram  and  sponge  spicule 
wackestone, and less resistant pale brown calcareous shales of 
Lithofacies G in Nisai Railroad measured section. Hammer for 
scale. 94 
Some early  diagenetic  chert  nodules  occur  at  676 m and 
698 m in  a few thick, limestone beds.  This lithofacies displays a 
gradational contact with the underlying dark limestone that caps the 
ridge  of  marly  lithofacies  F.  The  planktonic  foraminiferal 
wackestones, in the upper part of the unit, are cut by small veins of 
white ferroan calcite and contain fluorescing dolomite rhombs.  They 
also display a distinctive, tectonically induced rectilinear jointing or 
fracture  pattern  on bedding planes  that  could represent  fracture 
porosity in the subsurface.  Similar lithofacies  is  missing from the 
Pinza Tilare Tsah  section,  and was observed only  at  few other 
localities in the Katawaz Basin.  At the Torai Nisai section, only five 
meter of this facies is preserved at the base of this section due to a 
thrust  fault. 
Lithofacies H: This facies is more than 65 m in thickness.  It 
is  composed of massive,  cliff-forming,  large  benthic foraminiferal 
packstone  that  abruptly overlies  lithofacies G (Fig.  3.11).  These 
yellow-gray skeletal packstones and grainstones form four or more, 
30 m thick, inaccessible nodular limestone cliffs,  consisting of large 
benthic forams (e.g., Nummulites, Discocyclines, Assilina, Alveolines, 
and  others),  gastropod,  pelecypodsechinoids,  and  red  and  green 
calcareous algal skeletal limestone beds. 
A similar shallow-marine facies in the Gardab Manda section is 
almost 195 m thick.  The lower 150 m consists of light yellow-gray, 
nodular  limestones  (Fig.  3.12a)  interbedded  with  gray-green 
mudstones.  The top 46 m is medium- to thick-bedded, pale yellow-
gray,  massive  limestone  (Fig.  3.12b).  This  sequence  contains 95 
FIG. 3.11: Top of the Nisai Railroad measured section is capped by 
65+ m sequence  of  four  ridge- and  cliff-forming  shallow-
marine,  bioturbated  limestones  (Lithofacies  H)  that  contain 
large benthic foraminifers such as Nummulites. 96 
FIG. 3.12A:  Nodular, jointed,  foram-bearing (mainly Nummulites 
and Alveolinas),  micritic limestone in  the upper part of the 
Nisai Limestone in the Gardab Manda section.  Geologic hammer 
for scale. 
B:  Thickening-upward,  ridge-forming,  massive,  Nummulitic 
limestone above the nodular beds.  Note the overlying slope-
forming Sharankar unit.  Person in red sweater for scale in the 
lower right corner. 7
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abundant benthic forams.  In addition, green calcareous algae, some 
broken pelecypod shell fragments, and few echinoids  are present in 
the upper part.  It  is bioturbated with vertical skolithos burrows that 
are up to 10 cm in length.  These skeletal packstones are dominated 
by abundant dollar-sized Nummulites and Alveolinas. 
The  lower  part  of  this  facies  is  also  interbedded  with 
microcross-laminated,  very  fine-grained  sandstones  that  are  well 
cemented by sparry calcite.  At places, these greenish gray, thin to 
medium sandstones also contain pelecypod shell hash layers.  This 
sequence  is disconformably overlain by siliciclastic Sharankar unit. 
This shallow-water facies is exposed along the eastern margin of the 
basin. 
In  the 240-m thick Torai Nisai  stratigraphic  section,  similar 
lithofacies  constitute  four  thickening- and shoaling-upward cycles 
(Fig.  3.13a).  These thickening-upward cycles  are  12  to  91 m in 
thickness.  In each cycle,  a sequence of medium- to thick-bedded 
micritic limestones and interbedded greenish gray marls grades  up 
to  very  thick-bedded,  massive,  ridge  forming  amalgamated 
limestones (Fig.  3.13b).  These sequences are generally bioturbated 
with shelfal Thalassinoides burrows.  The limestones are light gray, 
micritic  to  benthic  foram-bearing  skeletal  packstones.  Few, 
particularly near  the  top,  are peloid  skeletal  grainstones.  Some 
micritic limestone rip-ups are present in the lower part of the unit. 
These non-nodular yellowish  gray  limestone  beds  are  somewhat 
different  in  field  appearance from the  other massive, nodular or 
knobby, limestones  that characterize  this  shallow water lithofacies, 
e.g.,  at Gardab Manda section or top of the Nisai Railroad section. 99 
FIG. 3.13A: Thickening- or shallowing-upward cycles of shallow-
marine,  massive,  bioturbated,  micritic,  foram-peloidal
packstone and some grainstones of Lithofacies H.  Torai Nisai 
measured section is 3 km west along this strike ridge. 
B: Close-up of a single thickening- or shallowing-upward cycle.
Note the  thin- to medium-bedded, foram-bearing micrite  to 
grainstone ribs between softer green shale beds.  These are 
overlain by thick- to  very  thick-bedded,  bioturbated,  ridge-
forming,  finely  crystalline  to  foram packstones.  Jointing  is 
perpendicular to bedding planes. O
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Similar  thickening- and  shoaling-upward  sequences  are,  however, 
exposed in other parts of the basin, e.g., at Toar Tangi section. 
Age of Nisai Formation 
The Nisai  Formation  contains  both  planktonic  and  benthic 
foraminiferas,  gastropods,  pelecypods, and echinoderms.  On the 
basis  of the  faunal  assemblages, Jones  (1961) assigned an early 
Eocene to early Oligocene age to the Nisai Limestone in the Katawaz 
Basin.  Allemann (1979) studied this unit farther to the east in the 
vicinity  of Muslimbagh, where  this  unit  unconformably  overlies 
ophiolites.  He suggested that the oldest carbonate strata overlying 
the ophiolites are lower Eocene to lower middle Eocene. 
The Nisai Formation was extensively sampled for during the 
measurement of these  sections.  Dr.  Neil Wells  of Kent  State 
University  has  identified  (written commun.)  several  genera and 
species of benthic forams, some of these are new.  The foraminiferal 
assemblage Assilina dandotica, Discocyclina  ranikotensis, Miscellanea 
stampi, and Operculina  subsalsa indicate that the oldest age of the 
Nisai in the Katawaz Basin is earliest late Paleocene.  Other notable 
Paleocene foraminifera is Saudia Labyrinthica. Lockhartia hunti var. 
pustulosa, Nummulites  dolloto, and Assilina  granulosa  (placentula) 
which suggest an early Eocene age.  Assilina granulosa, A. granulosa 
var. spinosa, A. laminosa, Nummulites atacicusldolloti, and Orbitolites 
complanatus indicate an early to middle Eocene age.  Alveolina 
elliptica is typical of the middle Eocene. A few species also indicate a 
late Eocene age.  Only two samples, one from the Gardab Manda 
section  and  the  other  from  the  Rud  Faqirzai  section,  contain 102 
Nummulites fichteli, which suggests a possible early Oligocene  age. 
The sample from the Rud Faqirzai section is from  rare foram-bearing 
debris flow deposit in the basal part of siliciclastic Murgha Faqirzai 
member.  The other fossil  identified from the same sample was 
Kathina selveri which is possibly of Paleocene  age. 
Overall these data imply that the age of the Nisai Formation 
ranges from late Paleocene to early Oligocene.  However, relative 
abundance  of pre-Oligocene  fossils  suggests  that  most  of  the 
formation was deposited from late Paleocene to  late Eocene.  The 
benthic  foraminiferal  assemblage  is  similar  to  the  Lockhart 
Formation, which is late Paleocene (e.g., Iqbal and Shah, 1980).  The 
Lockhart Formation,  is  a  part  of the  Indo-Pakistan  subcontinent 
platform sequence, which is  exposed in  the Kohat-Potwar Plateau 
and Hill Ranges (Fig. 3.1).  The Dungan Formation is also a platform 
carbonate unit, which exposed in the Sulaiman-Kirthar Ranges to the 
east and southeast of the Katawaz Basin.  The Dungan Formation is 
age correlative of the Lockhart Formation.  The lower Eocene Ghazij 
Formation overlie the Lockhart Formation in the Kohat Plateau and 
Dungan Limestone in the Sulaiman-Kirthar Ranges. 
DISCUSSION 
Environment  of  Deposition 
Lithofacies A formed both from low concentration carbonate 
turbidity currents and submarine landslides or debris flows.  These 
deposits were derived from a shallow-water carbonate platform to 
upper slope  setting, and finally deposited in either lower slope  or 
basin floor settings.  This is suggested by graded bedding, Bouma 103 
T abc sequences in  turbidites, and channelized coarse, angular clasts 
of skeletal foram limestone.  Shallow-water calcareous red and green 
algae, gastropods, and large benthic shelfal foraminiferas are mixed 
with deep-water smaller planktonic forams  in  allodapic  floatstone 
and rudstone.  Similar grain flow and allodapic carbonate breccias 
(debris flow)  interstratified with even-bedded calcareous  turbidites, 
peri-platform carbonate oozes and submarine talus,  and argillaceous 
mudstone have been described by Mcllreath and James (1984) in a 
bypass margin setting.  Early submarine cemented shallow water, 
large benthic foram-algal coated grainstone facies acted as a source 
for the shallow-water benthic foram limestone clasts  in debris flow 
and  turbidite  deposits.  Similar  turbidites  sand- to  pebble-sized 
carbonate clasts could occur in  either slope or basin floor settings 
(Pfeil and Read, 1980; Cook and Mullins, 1983). 
Similar but  sparse foraminifer-bearing limestone  debris  flow 
deposits in the lower part of the Murgha Faqirzai member show that 
some debris flows reached the floor of the Katawaz remnant ocean. 
The siliciclastic Murgha Faqirzai member was being deposited in  a 
submarine fan  setting.  This  also suggest the existence of nearby 
carbonate  Nisai platforms during  early  Oligocene  time.  Similar 
mixing of carbonate debris flows and siliciclastic turbidites has been 
reported from the Jaca Basin in the southern Pyrenees (Barnolas and 
Teixell, 1994).  In the Jaca Basin, debris flows were generated during 
slow drowning of the carbonate platform, related to tectonic loading 
in the hinterland and subsequent flexural bending of the distal part 
of the Jaca Basin.  In the Katawaz Basin, drowning of shallow-water 104 
platform  lithofacies  might have  been due  to  subsidence  of  the 
ophiolitic basement of the Katawaz remnant ocean because of rapid 
deposition  of  the  thick  turbidite  sequence  of  the  Paleo-Indus 
submarine fan and delta (Khojak Formation).  This subsidence was 
probably also accompanied by the rise  in  sea-level  as depicted by 
the transgressive nature of the Nisai Formation. 
The green shale of lithofacies B indicates a low-energy, near 
slope  basinal  environment.  A great  influx  or  flood  of  fine 
hemipelagic terrigenous  clays was probably brought by  a muddy 
river plume of the paleo-Indus River.  Slow continuous settling of 
clay from diffuse nepheloid layers was periodically overwhelmed by 
blooms of pelagic, planktonic forams and other microfossils.  Fine, 
hemipelagic, globigerinid-rich pelagic calcareous ooze of lithofacies C 
slowly  settled  in  the  basin  during  times  of  low  terrigenous 
sedimentation.  Carbonate mud deposition was, however, occasionally 
interrupted by floods of terrigenous  clay  detritus.  Deposition of 
pelagic foram-sponge spicule calcareous oozes was finally shut off or 
gradually smothered by the  influx of terrigenous brown clays of 
lithofacies D in a rapidly subsiding basin.  The overall presence of 
terrigenous  clays,  globigerinid-rich pelagic  oozes,  lack of Bouma 
sequences,  and  their  stratigraphic  position  below  the  carbonate 
turbidite sequences implies that the lithofacies B, C, D were deposited 
in near slope basinal environment. 
Hemipelagic  carbonate  sand  and mud were  washed  off 
carbonate platform  onto  the  slope by storm waves.  Downslope 
slumping  created  carbonate  turbidity  currents  which  deposited 
graded skeletal wackestone beds of lithofacies E on the lower slope. 105 
Chondrites and Scalarituba type trace fossils in this facies  are also 
suggest slope environments. 
Studies of platform facies  in  the Bahamas suggest  that  the 
overproduced carbonate sediments on the bank top during sea-level 
highs  are  exported  to  a  variety  of deeper  sites  (Boardman and 
Neumann, 1984; Mullins et al., 1984; Droxler and Schlager, 1985).  On 
the basis of seismic data along the leeward slope of western Great 
Bahama Bank,  Wilber  et  al.  (1990)  also  concluded  that  slope 
deposition of exported carbonate mud was the major mechanism for 
westward progradation  of  the  bank throughout  the  Quaternary. 
Turbidity  currents  transported  these  bank-derived  carbonate 
sediments  far  into  the  basin.  Heath  and  Mullins  (1984) 
demonstrated  that  at  a  distance  of  50 km from  the  Bahama 
Platform, almost one-half of the fine-grained fraction was still bank-
derived, and influence of the bank extended to a distance of 10 km. 
A similar process has been suggested in orogenic belts.  During most 
of the Mesozoic, carbonate sediments shed from a carbonate platform 
was  transported  to  the  Apennines  basin  by  turbidity  currents 
(Colacicchi and Baldanza, 1986).  The pelagic and turbidite limestones 
of lithofacies E were alternately deposited on the lower slope with 
some terrigenous clays and few siltstone beds.  The clays were 
probably  deposited from nepheloid  layers.  Scholle  (1971)  also 
described fine silty beds in carbonate turbidites in the Monte Antola 
Flysch, and suggested  these  silty  beds were of turbidity  current 
origin. 
The rhythmically bedded,  dark  gray  marls and interbedded 
limestones  of lithofacies F contain abundant pelagic,  thin-walled, 106 
Globigerinid foraminifer tests and  sponge spicules.  These rocks are 
rich in petroliferous organic matter.  This implies that these strata 
were deposited  in  relatively  deep water with slow  sedimentation 
rates under anoxic conditions.  However, interbedded turbidite beds 
indicate  fluxes  of  shallow-water coarse  carbonate  sediments  that 
disrupted  the  slow  pelagic  sedimentation  of carbonate mud and 
oozes.  The high organic content manifested by the dark color and 
fetid odor also suggests anoxic conditions and rapid burial.  Such 
conditions are generally present in middle-upper slope settings (Dow, 
1977;  BjOrlykke,  1989).  The  middle-upper  slope  setting  is 
characterized by upwelling of nutrients from deep  parts of the ocean, 
and abundant and continuous  rain  of pelagic  microfauna.  The 
general lack of bioturbation and preservation of abundant organic 
matter in  this rhythmically bedded sequence imply deposition close 
to the oxygen-minimum zone on the middle slope. 
There are two possible  origins  of the nodular structure  in 
lithofacies F.  According to Blatt (1982), one type of nodular structure 
in Mesozoic shallow-water to  intertidal carbonates is formed by the 
branching  trace  fossil  Thalassinoides  which  disrupts  partially 
lithified, plastic micrite to produce nodules.  However, the distinctive 
120° bifurcation or branching pattern of Thalassinoides  was not 
observed in this  facies.  The other nodular texture  is common in 
deep-sea pelagic micrites of Mesozoic and Tertiary limestones in the 
Alps (Jenkyns, 1974).  This texture looks similar to the nodules in 
chicken wire  structure  in  gypsum and anhydrite  evaporite  beds. 
These nodules formed during early  diagenesis  in  areas  of slow 
sedimentation  in  the  pelagic  environment.  Aragonite  and high 107 
magnesium  calcite  were  dissolved  from  planktonic  foram  tests 
migrated in solution as Ca++ and CO3= ions, and were precipitated in 
centers  of  crystallization  in  a  terrigenous  clayey marly  matrix. 
Subsequent compaction  resulted  in  differential movement of  the 
"cleaner" carbonate nodules in  the  still-wet plastic marly, organic-
rich matrix that formed a complex nodular texture in the matrix and 
at  the boundaries of the growing nodules.  Preferential diagenetic 
growth of the clear nodules by micrite cement may have pushed the 
kerogen and insoluble terrigenous clays into the irregular laminated, 
compacted,  darker  argillaceous,  organic-rich  (fluorescent)  marly 
streaks that surround the less organic-rich micritic nodules. 
Light-colored,  rhythmically  bedded,  fine-grained  micritic  to 
planktonic foram and sponge spicule wackestones of lithofacies G 
represent hemipelagic  peri-platform  oozes.  The intervening  few 
turbidite limestone beds reflect rapid influx of some carbonate sand 
from the adjacent platform.  Due to the steepness of the paleo-slope, 
all  the  turbidites were deposited on the middle-lower slope and 
basin floor.  However, a few were also deposited on the lower part of 
the upper slope,  as suggested by the occasional turbidite beds in 
lithofacies G. 
Large  benthic  foram-algal-mollusk-bearing  packstone  of 
lithofacies H indicates  shallow-marine,  outer  shelf environments. 
Thalassinoids  and  Skolithos  burrows,  characteristic  of  shelfal 
environments, are common (Frey and Pemberton, 1984).  Similarly, 
thickening upward cycles are characteristic of many shelf plateform 
limestones (James,  1984).  Micritic  limestone  rip-ups  and wave-
sorted benthic forams  in  this  facies  also  suggest periodic  strong 108 
storm-wave events on the carbonate platform.  Storm events on the 
shelf also transported platform carbonate sand to the adjacent slopes, 
where it was deposited as turbidites and slope mud.  Similar foram­
bearing limestones have been described in Egypt by Aigner (1985) 
and  interpreted  to  have  formed  as  loose,  current-concentrated 
carbonate  shoals  and in  protected lagoons on a  broad carbonate 
platform in  clear, warm, tropical water in  a marginal basin setting 
that was much like the eastern margin of the Katawaz Basin. 
Overall Nisai lithofacies  suggest proximal basinal,  slope, and 
platform depositional environments.  However, there  are important 
differences, e.g., the thickness of each lithofacies facies rapidly varies 
in  the  basin.  Certain  facies  are present  at  only few localities. 
Shallow-marine facies differ not only in their thickness, but also in 
certain lithologic  characteristics.  The shallow-marine facies  in  the 
Gardab Manda section  is more argillaceous, and is unconformably 
overlain by the thick, coarse-grained, siliciclastic Sharankar unit.  In 
the Torai Nisai section,  it  is  less argillaceous and the Nisai Railroad 
section has the least clay.  These facies can be traced tens of km 
along  strike both in  the  field and on false-color Landsat images 
(Qayyum, et  al.,  1994).  This is  in contrast to the shelfal carbonate 
facies of the Indo-Pakistan platform sequence.  The carbonate shelf 
extends  hundreds  of km along  strike.  Furthermore,  during 
deposition  of  the  Nisai  Formation,  the  shelfal  co-eval  Lockhart 
Formation and Dungan Limestone were deposited on  the  Indo-
Pakistan passive margin to the north and west, respectively.  These 
carbonate Indo-Pakistan platform facies  are not associated with any 
slope or basinal facies.  This implies that these two carbonate units 109 
are in part coeval to the Nisai Formation, and shallow-water platform 
lithofacies of the Nisai were not deposited on the platform of Indo-
Pakistan  subcontinent. 
The Nisai Formation unconformably overlies  the Muslimbagh 
ophiolites.  These ophiolites,  according  to Allemann (1979) were 
emplaced on the western passive margin of the subcontinent during 
Paleocene-lower  Eocene  time.  Emplacement  of  the  ophiolites 
changed  the  structural  configuration  of  the  passive margin and 
created new topography (Fig. 3.14).  This topography was marked by 
horst and graben structures typical of oceanic crust.  Furthermore, 
the ophiolites were emplaced on thin transitional to oceanic crust of 
the  subcontinent  that  also  had  similar topography.  This newly 
formed  topography  created  new  structural  highs  and  lows  in 
otherwise deeper marine western slope of the  subcontinent.  The 
structural highs provided the  tropical  shallow-water conditions,  in 
which  the  Nisai  platform  facies  were  slowly  transgressively 
deposited.  The relative  position  of different platforms  far from 
eastern margin of the Katawaz ocean is indicated by their low clay 
content.  A part of Muslimbagh ophiolite sequence was also exposed 
along the eastern magin at  the same time.  The structural lows were 
sites where basinal marl and shale facies were deposited; between 
these horst and graben structures turbidite slope facies accumulated. 
Part of the  slope topography was structurally  inherited but  later 
modified due to pelagic and turbidite deposition.  The deeper basinal 
lithofacies B, C and D developed where there was maximum relief 
between grabens and adjacent horsts.  Where this  relief was lower 
slope facies dominated the sequence, and filled  the graben basins. 1 1 0
 
FIG.  3.14:  Schematic  cross-section  showing  various  tectonic 
elements during the late Paleocene.  Note the emplacement of 
ophiolites  on  the  western passive margin of Indo-Pakistan 
subcontinent.  Newly formed topography as a result of ophiolite 
emplacement created  the shallow-water  conditions  in which 
the  Nisai  Formation was  deposited.  The emplacement of
ophiolites also transformed the open-water environment of the 
subcontinent platform  to  more  restricted  marine  conditions 
under  which  the  Ghazij  Formation  of  the  Indo-Pakistan 
platform sequence deposited.  The lower diagram shows the 
structural  configuration  of  ophiolitic  basement  on  which 
different Nisai lithofacies were deposited. LATE PALEOCENE  GHAZIJ FORMATION 
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The net area of the horst structures also played an important 
role in the rapidly varing thickness of the slope and basinal facies. 
On the  larger platform  areas,  greater quantities  of carbonate mud 
was  created,  and  subsequently  transported  downslope by  storm 
waves, and vice versa.  Platform carbonate material was transported 
off both  sides  of the  platforms,  as  suggested by east and west 
paleoflow directions  in  the  slope facies.  Similarly Mcllreath and 
James (1984) emphasized the importance of the size of the shallow 
portion of the margin and the amount of relief between platform and 
basin  in  controlling  the  style  of slope  and basin  sedimentation. 
Shallow-water carbonate platforms are very dynamic.  Platforms not 
only grow upwards but  also show significant  lateral  progradation 
(Eberli and Ginsburg,  1987).  This implies that smaller carbonate 
platforms become larger  as  a  result  of coalescence.  Coalescing 
platforms could alone change the carbonate sediment configuration 
of slope and basinal sediments over time. 
The  Nisai  Formation  is  highly  deformed  as  a  result  of 
subsequent closure of the Katawaz Basin due to the collision of the 
western  passive  margin  of  the  Indo-Pakistan  subcontinent  with 
Afghan Block by  the  end of early  Miocene (Chapter  6).  An 
alternative argument can be made that the rapid thickness variations 
and presence  or absence of certain  carbonate  lithofacies  are  the 
result of structural imbrication.  This  is  partly  true.  During field 
work, several major thrust faults were identified that either truncate 
or repeat these lithofacies.  However, in the Pinza Tilare Tsah section, 
lower and middle slope facies  are  thicker than  the corresponding 
facies in Nisai Railroad section, although the lower contact of this 1 1 3
 
measured section is  faulted.  Similarly the thickest slope facies was 
observed in the overturned section, where these slope lithofacies are 
probably three times thicker than the correlative facies in the Pinza 
Tilare Tsah section.  The basinal facies in the Katawaz Basin also 
show rapid variation  in thickness.  In the Afzal gas seep section, 
ultramafic slices are depositionally overlain by olive green, proximal 
basinal facies equivalent to  the upper part of lithofacies D in the 
Nisai Railroad section.  The lower deeper olive brown facies did not 
develop at the gas seep section.  This relationship implies that the 
graben basement comparably not that deep here.  Finally in horst 
and graben geometry, one can not expect that  all tectonic structures 
have similar relief and size.  Therefore, I conclude that the variation 
in  thickness  and  presence  or  absence  of  certain  lithofacies  is 
controlled partly by structural imbrication during collision and partly 
by  the  structural  configuration  of  the basement  at  the  time  of 
deposition.  The control of syn-depositional tectonics on carbonate 
sedimentation  has  been  emphasized  by  many  workers  (e.g., 
Colacicchi and Baldanza, 1986; Brand ley et al.,  1996). 
Timing  of Ophiolite Emplacement 
Allemann (1979) constrained the timing of emplacement of the 
Muslimbagh ophiolites on the basis of the age of youngest Indo-
Pakistan platform strata beneath the ophiolites and oldest age of the 
carbonates that unconformably overlie the ophiolite complex.  The 
youngest  strata within the mélange zone under the ophiolites  are 
upper Maastrichtian age.  The oldest carbonates overlying the deeply 
weathered ophiolites  are  lower Eocene  to  lowest middle Eocene. 1 1 4
 
Therefore,  Allemann  (1979)  suggested  that  the  ophiolites  were 
emplaced during Paleocene-early Eocene time.  A recent 40Ar/39A r 
study of the Muslimbagh ophiolites (Mahmood et al.,  1995) dated the 
cooling ages of the obduction related plastic deformation  at 70.7±5 
and  65.1 ±4 Ma.  Amphibole from the base of the sheeted dyke 
complex yielded a 68.7±1.8 Ma plateau  age. 
Benthic foraminifers indicate that the oldest Nisai  strata in the 
Katawaz Basin are late Paleocene.  These data modify the upper age 
of the  ophiolites emplacement as  suggested by Allemannn (1979) 
and imply that  ophiolites were emplaced after  late  Maastrichitian 
and before the late Paleocene.  Thus, the revised age of the ophiolites 
emplacement is  early Paleocene. 
Ophiolite Emplacement and Indo-Pakistan  Platform 
Sedimentation 
The emplacement  of  ophiolites  had  profound  impact  on 
deposition  of  the  Indo-Pakistan  platform  strata  on  the  western 
passive margin (Fig. 3.14).  The open shelfal platform conditions as 
recorded by the shelfal carbonate Lockhart and Dungan Formations 
were  transformed  into  restricted  marine  conditions.  In  these 
restricted conditions the Ghazij Formation that overlies the Lockhart 
Formation was deposited.  Several investigations  (e.g.,  Pivnik and 
Wells,  1996  )  have  noted  this  abrupt  change  in  depositional 
environment.  However,  this  study  provides  a  more  plausible 
explanation of the change.  The ophiolites were the source area not 
only of the Sharankar unit (Chapter 6) that unconformably overlies 
the Nisai limestone in the Katawaz Basin but also for the ophiolitie 1 1 5
 
clasts  in  the  sandstones  of the  Ghazij  Formation  (Kassi,  1986). 
However, the percentage of ophiolitic clasts in the Sharankar unit is 
much higher  than  in  the  Ghazij  Formation.  Abundant pebbly 
conglomeratic  horizons  in  the  Sharankar  formation  contains 
serpentinite,  chert,  Nisai foram limestone, and basic and ultrabasic 
clasts  (Chapter 7).  In  contrast,  conglomerate beds in  the Ghazij 
Formation contain only limestone and chert clasts (Jones, 1961; Kazi, 
1968; Johnson et  al.,  1993).  This implies that the steeper paleoslope 
of Muslimbagh ophiolites was to the west, and therefore the bulk of 
the  ophiolite  detritus  was transported  to  the  west.  Some thin-
sections of Nisai Formation also contain chlorite clays, which may be 
a weathering product of subaerially exposed ophiolites.  However, 
the Oligocene Sharankar unit is dominated by this ophiolitic detritus. 
I  also suggest that the change in paleocurrent directions in the 
Indo-Pakistan platform sequence in the Sulaiman Range from west to 
east during the Paleocene (Waheed and Wells, 1990) is related to the 
emplacement of ophiolites.  Pivnik and Wells (1996) related  this 
slope reversal and change from open marine to  restricted marine 
conditions to the collision of the subcontinent with Asia.  If this were 
the case, then one should expect these changes only in the Kohat 
area,  and not in  the Sulaiman and Kirthar Ranges (Fig.  3.1  for 
locations).  The Katawaz remnant ocean did not close until the end of 
the  early  Miocene  (Chapter  5).  The timing  of  the  ophiolite 
emplacement, presence of basic rock fragments, reduction in  clast 
size towards the east,  slope reversal, and change from open marine 
to  restricted  marine conditions from Kohat  to  Kirthar Range  is 1 1 6 
interpreted here to be the result of ophiolites emplacement on the 
passive margin of Indo-Pakistan subcontinent. 
CONCLUSIONS 
The lithofacies of the Nisai Formation in the Katawaz Basin 
were deposited in  three marine environments.  These are  shallow-
water platform,  slope, and basinal.  Benthic foram, calcareous red 
algae,  pelecypodes and echinoid bearing,  nodular,  thickening- and 
shoaling-upward packstones were deposited on carbonate platform 
in  shoaling  tropical  marine  and  near  shore  environment 
characterized by periodic storm wave and tidal action. 
The rhymically bedded sequence of carbonate  turbidites and 
interbedded  organic  rich,  pelagic  wackestones  and  marls  were 
deposited on the lower-middle slope in the oxygen minimum zone, 
while pelagic periplatform sedimentation dominated the upper slope. 
The thick sequence of olive-brown  to  light olive-gray shales 
and minor turbidites  represents  basin  floor environment.  These 
shales probably indicate plumes of muddy water (nepholiod layer) 
brought into the basin by a major fluvial system.  Basinal and lower-
middle slope facies are also interbedded with allodapic debris flow 
and turbidite  deposits.  The angular benthic foram-algal limestone 
clasts in the debris flow deposits were derived mainly from platform 
and few from the upper slope where early submarine cementation 
had occurred. 
Newly identified  late  Paleocene benthic forams in  the  Nisai 
Formation (Wells, written commun.) imply that the  ophiolites were 
emplaced on the  western passive margin during  early  Paleocene 117 
time.  Thus, new age data further bracket the timing of ophiolite 
emplacement. 
The  early  Paleocene  emplacement  of  ophiolites  created 
structural  highs and lows on the western passive margin of the 
subcontinent.  Nisai  carbonate plateform facies  developed on the 
shallow water structural highs.  The basinal lows, depending on their 
depth, accommodated different Nisai basinal facies.  The carbonate 
slope facies developed on either side of the horst blocks.  This horst 
and graben geometry of the ophiolitic basement had profound effect 
on the thickness distribution and development of Nisai lithofacies in 
the Katawaz Basin.  Subsequent deformation related to closure of the 
Katawaz Basin has further complicated the stratigraphic relationships 
by either truncating or duplicating these lithofacies. 
The  ophiolites  emplacement  also  changed  the  open  shelf 
environment  of  the  western  passive  margin  platform  strata  to 
restricted marine as recorded by the Ghazij Formation in the Kohat, 
Sulaiman and Kirthar Ranges.  The paleo-topography created  in 
conjunction  with  this  emplacement  also  changed  the  paleoflow 
direction in the Indo-Pakistan platform area. 
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CHAPTER 4
 
Siliciclastic Deltaic and Submarine Fan Sedimentation 
in the Paleogene Katawaz Remnant Ocean, and its 
Tectonic Implications 
Mazhar Qayyum 123 
ABSTRACT 
In the Tertiary Katawaz Basin, the Khojak Formation includes a 
variety of deltaic facies in addition to previously recognized flysch. 
Facies identified include upper continental slope to prodelta, distal to 
proximal  distributary  mouth  bar,  distributary  channel, 
interdistributary  bay,  estuary,  fluvial  channel,  natural  levee,  and 
floodplain of lower and upper delta plain.  The proposed model is  a 
fluvial-dominated,  wave-modified Katawaz  delta  that  axially  fed 
Khojak submarine-fan turbidites, exposed  in  the  southwestern part 
of  the  basin.  These  sediments  were  eroded  from  the  early 
Himalayan orogenic highlands and transported southwestward down 
the axis of the Katawaz remnant ocean.  These deltaic and turbidite 
facies are a Paleogene analogue of the modern Indus River emptying 
into the Arabian sea to form the Indus delta-fan system. 
INTRODUCTION 
Orogenic highlands emerging from the sea during continental 
collision are gradually dissected  and eroded by fluvial systems that 
ultimately build deltas  that,  in  turn, feed deep-sea fans.  Several 
investigators  (e.g., Galloway and  Brown, 1973; Graham et  al.,  1975) 
have  postulated  tectonic-sedimentological  models  in  which  such 
sediments  shed from growing orogenic  highlands  are  transported 124 
longitudinally, down the basin axes, by a  fluvial system through 
deltas  into  closing  remnant  ocean  basins,  to  submarine  fans. 
Accordingly, Graham et  al.  (1975) suggested  a  tectonic  analogue 
between  the  modern  Ganges-Brahmaputra  Delta  and  Bengal 
submarine  fan,  and  svnorogenic  deposits  of  the  Carboniferous 
Appalachian/Ouachita orogen.  The Katawaz Basin  is  particularly 
valuable for similar studies because it  is neither under water like the 
contemporary  Indus  and  Ganges-Brahmaputra  deltas  and  their 
respective fans nor deeply eroded as are older orogens. 
The Tertiary Katawaz Basin evolved as a remnant of the Neo-
Tethys Ocean basin  before  the  collision  of the  western passive 
margin of the  Indo-Pakistan subcontinent with  the Afghan block. 
After the early Cretaceous breakup of Gondwana, the Indo-Pakistan 
subcontinent moved north and collided with the Asian block before 
55.5 Ma, closing most of the Neotethys (Beck et al.,  1995).  The final 
closure of Neo-Tethys in the west, however, occurred much later, by 
the end of early Miocene (Chapter 6).  According to Treloar and Izatt 
(1993) it occurred even later, around Pliocene. 
The  NE-SW trending Katawaz Basin (Fig.  4.1)  is  filled with 
more than 7600 m of Tertiary carbonate to  siliciclastic rocks, plus 
the late-stage molasse.  The compositions of the Tertiary strata vary 
from carbonates to siliciclastics.  Deformation styles in Katawaz Basin 
are transpressional in  the west to compressional in the  east.  The 
left-lateral Chaman fault separates  it from the Afghan block.  The 
Muslimbagh thrust,  in  the  east, emplaced Muslimbagh ophiolites on 
top of deformed Mesozoic Gondwana passive margin rocks during 
Paleocene-early  Eocene  time  (Allemann,  1979).  These  are 125 
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FIG. 4.1: Tectonic sketch map of Katawaz Basin showing regional 
tectonic  features,  different  geographic  localities,  and  the 
location  of  the  two Manzaki  and Rud  Faqirzai  measured 
sections. 126 
unconformably overlain by the Tertiary Katawaz sequence.  All of 
the Khojak sequence was previously interpreted  as  flysch  (Jones, 
1961), but I reinterpret part of this sequence as deltaic. 
The Katawaz Basin was reconnaissance mapped by the Hunting 
Survey Corporation (Jones, 1961).  They recognized four major units 
in  the basin:  the Nisai, Khojak (subdivided into  the Shaigalu and 
Murgha Faqirzai members), Multana and Bostan Formations (Fig. 4.2). 
More recent studies of the Khojak near Chaman (Lawrence, et  al., 
1992), Nushki (Bannert,  et  al.,  1992) and Makran (Critelli  et  al., 
1990) have suggested that the  strata  in the SW part of the basin 
record  a  turbidite-submarine  fan  setting.  The  unconformably 
overlying Multana and Bostan Formations are mainly composed of 
synorogenic  fanglomerates,  red  fluvial  sandstone  and  interbedded 
terrestrial  shale.  From new field  studies  of  the  Katawaz  area, 
Qayyum et  al.  (1994a) suggested closure of the Neo-Tethys Ocean 
was tectonically analogous to  the modern Ganges-Brahmaputra delta 
and Bengal submarine fan on the east flank of the  subcontinent, 
which is being actively subducted along the Java Trench. 
The Katawaz Basin, due to  its tectonic position, good exposure 
and excellent preservation from top  to bottom provides an almost 
unique opportunity to document a deltaic system draining an early 
collisional orogenic belt.  This deltaic system axially fed  a major 
submarine fan complex.  Furthermore, this basin is an ideal place to 
unravel systematically the Paleogene uplift and unroofing history of 
the Himalaya.  I  integrate results from field geology, Landsat and 
lithofacies analyses of the Katawaz Basin,  to document a deltaic  to 1_'7 
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upper continental slope sequence in the northern and central part of 
the basin and discuss its paleotectonic implications. 
SEDIMENTATION AND LITHOFACIES 
Eight sections for a total thickness of 7600 m were measured in 
the basin; about 6300 m of which is  the siliclastic Khojak formation 
consisting of the Murgha Faqirzai and Shaigalu members.  In  this 
paper,  I describe two selected sections measured at the Manzaki and 
Rud Faqirzai  localities  (Fig. 4.1)  near the  original  type  localities 
designated for the Shaigalu and Murgha Faqirzai members (Jones, 
1961).  This brief description includes different lithofacies associated 
with  these  members  and  interpretations  of  their  depositional 
environments (Fig. 4.3). Detailed sections are given in Appendix A. 
Rud Faqirzai Section 
The lower 1941 m of the 2336-m-thick section represent the 
Murgha Faqirzai member.  Alternating cycles of gray-green and olive 
shales interbedded with thin, rhythmic sandstone and siltstone beds 
constitute the lower part of this member (Fig. 4.4).  These shales are 
highly fissile and laminated (Fig.  4.5).  Two debris flow deposits 
occur at 522 m and 630 m, respectively.  They consist of matrix-
supported  fossiliferous  sandstone,  siltstone,  and  Nisai  limestone 
clasts.  These deposits are poorly graded and scour into the shale. 
The middle  part  (facies  A)  is  dominated by rhythmic  beds  of 
laminated  to  ripple-laminated  siltstone,  very  fine-grained,  locally 
graded sandstones,  shales, and laminated mudstones.  In the upper 
part, greenish gray shale (facies B) intervals are thicker as compared 129 
FIG. 4.3:  Simplified Manzaki and Rud Faqirzai measured sections 
and detailed associated lithofacies. Bracketed letters next to the 
sections mark the  location of different  lithofacies, shown in 
detail on the right portion of the diagram. All the thicknesses 
are in metres. 130 
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FIG. 4.4: Basal Murgha Faqirzai member of the Khojak Formation at 
Rud Faqirzai location.  Note the alternating gray green and olive 
green  shales  interbedded with  thin,  rhythmic  sandstone and 
siltstone beds. 
FIG. 4.5: Close-up of highly fissile and laminated basal shales of the 
Murgha Faqirzai member. r
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to  rhythmically bedded  sequence.  Wet-sediment deformation  is 
common throughout the  section.  The upper 425 m of the  section 
form the lower part of the Shaigalu member.  It  is more sand rich, 
with numerous upward thickening  parasequences  of medium- to 
thick-bedded, hummocky sandstone  and  laminated  greenish  gray 
siltstone and shale (facies C). 
Facies A: This  sequence  is  composed of  laminated,  thin, 
rhythmically bedded,  fine-grained,  pale  olive  to  yellow-gray very 
fine-grained sandstone and siltstone (Figs. 4.3 and 4.6).  These are 
interbedded with olive gray parallel-laminated mudstone and shale. 
The sandstone/shale ratio  is  1:3.  This turbidite sequence generally 
displays Bouma Tc-Te sequences.  Locally graded beds and flute 
marks with south and southwest paleoflow directions  are present. 
Throughout the  section,  soft-sediment folding  (Fig.  4.7),  channels 
with scoured  bases,  and rare mudstone rip-up  clasts  also  occur. 
These channels, ranging in width from 4 to 7 m, are cut and filled 
by  similar,  rhythmically bedded  turbidite-sequences.  In  places, 
channels crosscut older channels so that they appear nested.  Trace 
fossils  preserved  at  the  bases  and tops  of these  rhythmic beds 
include bathyal assemblages (Zoophycos, Fig. 4.8).  These features 
suggest upper continental slope sedimentation. 
Facies B: This facies is dominantly shale (Fig. 4.9).  Greenish 
gray  to  olive  green  shales  are  thick  to  very  thick  and  faintly 
laminated.  At places, laminated siltstone ribs are also present.  The 
siltstone/shale ratio  is  1:30.  Soft-sediment deformation features, like FIG.  4.6:  Rhythmically bedded sequence of  thin,  pale  olive  to 
yellow-gray shale and sandstone.  Note the nested channels 
filled  with  similar  lithologies.  This  sequences  then  grads
upward into massive greenish  gray shales.  Stratigraphic top is
towards right. 135 
FIG.  4.7:  Synsedimentary  slump-folded  turbidites  of  Murgha 
Faqirzai member at the type section. 
FIG.  4.8:  Trace  fossils  on asymmetrical  rippled  bedding  plane 
(Bouma Tc).  These meandering feeding traces  are probably 
Zoophycos ichnofacies typical of bathyal assemblages. 137 
FIG.  4.9:  Greenish gray  to  olive green, massive shales,  at places 
bioturbated,  overlie  the  rhythmically  bedded  turbidite 
sequence. 138 
rotational slumps and slump folds are also present.  These shales are 
interpreted as prodelta. 
Facies C: With the increase in sand content, the prodelta facies 
grades  upward  into  dozens  of  multiple,  upward  thickening 
parasequences  (Figs.  4.3  and 4.10).  A typical parasequence has 
25 m of laminated, slope-forming, olive  to  greenish gray mudstone 
and shale at its base.  Laminated siltstone beds are more prevalent in 
the upper 13 m.  This shale and siltstone sequence is  overlain by 
17 m of thin beds of laminated to  current-ripple-laminated siltstone 
and minor very  fine-grained  sandstone.  The sequence coarsens 
upward  into  medium  to  thick,  hummocky-bedded,  mica-bearing 
lithic  arenite.  The sandstone/shale  ratio  and bed thickness  also 
increase upward.  The top 6-m-thick, cliff-forming sandstone is  flat 
and medium-bedded near  its  base.  The upper  4 m are  thick, 
hummocky bedded, with almost 0.5 m shell hash  at  the top  (Fig. 
4.11).  These fine- to medium-grained sandstones  are  moderately 
well  sorted  and  contain  Skolitho s ,  Thalassinoides, and 
Ophiomorpha (?) burrows (Figs.  4.12-13).  From these  lithological 
characteristics,  I  interpret  the  fine-grained  facies  to  represent  the 
deposition of clay and  silt  from suspension  in  prodelta  to  distal 
mouth-bar settings.  The flat  to hummocky-bedded sandstones and 
current-ripple-laminated  siltstones  indicate  proximal  mouth-bar 
deposition,  below  the  fair-weather  wave  base.  Overall,  these 
parasequences  represent  shallow-marine,  storm-wave-modified, 
prograding distributary mouth bars of a fluvial delta front. 139 
FIG.  4.10:  Olive green prodelta  shales  of the Murgha Faqirzai 
member  are  overlain  by  dozens  of  upward  thickening 
parasequences  of  delta  front  sandstones  of  the  Shaigalu 
member, Khojak Formation. 
FIG. 4.11: Hummocky cross-bedding in delta front sandstones of the 
Shaigalu member at Manzaki measured section. -r
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FIG.  4.12: Bifurcating,  sand-filled,  shallow-marine Thalassinoides 
burrows on bedding plane of delta-front Shaigalu sandstone at 
Manzaki type section. 
FIG. 4.13:  Shallow-marine,  sub-vertical,  sand-filled Skolithos type 
burrows in  the  Shaigalu sandstone.  The horizontal fractures 
reflect microcross ripple laminations. C\1
 
71­143 
Manzaki Section 
This sand-rich section of the Shaigalu member is 3950 m thick. 
The lower 661 m are also composed of numerous upward thickening 
parasequences of medium to  thick,  flat  to amalgamated hummocky-
bedded sandstone with laminated greenish gray siltstone and shale 
(Fig.  4.3).  The middle 698 m (facies D) contain numerous upward 
fining  sequences  of  trough  to  planar  cross-bedded  sandstones 
interbedded with intensely bioturbated  grayish green  to  chocolate 
brown siltstones  and mudstones.  In  the uppermost 2591-m-thick 
section (facies E), thick- to very thick-bedded, trough to high-angle 
planar  cross-bedded  to  ripple-laminated  sandstones  scour  into  a 
bioturbated sequence of multicolored mudstones.  This sequence also 
contains  lenses  of  sandstone  and  siltstone,  rare  coal  beds,  and 
numerous paleosol horizons. 
Facies  D:  Medium- to  thick-bedded  sandstones  forming 
upward fining sequences are characteristic of this  facies  (Figs.  4.3 
and 4.14).  These sandstones locally are scoured into the underlying 
shales and are trough cross-bedded in  their lower parts.  Trough 
crossbeds are overlain by planar crossbeds and show asymmetrical 
ripple  lamination.  The  current  ripple-laminated  sandstones  are 
overlain  by medium  to  thin  bedded fine-grained  sandstone  and 
siltstone.  These beds grade upward into greenish gray siltstone and 
bioturbated  shale.  Planar  and  trough  cross-bedding,  ripple 
lamination and  a few  flute marks indicate dominant paleocurrent 
dispersal to the southeast, south and southwest.  I suggest that these 
sequences were formed by  lateral  shifting  or abandonment and 144 
FIG.  4.14: Medium- to  thick-bedded  sandstones forming upward 
fining sequence of a distributary channel in the lower Shaigalu 
member. 
FIG.  4.15:  Thin to  very  thin  sandstone ribs and greenish  gray, 
mottled,  bioturbated distributary bay  tidal  flat  estuarine 
mudstone.  These are overlain by buff,  friable sandstone rib 
and massive, bioturbated chocolate mudstone.  At far right of 
the photograph white sandstone is  overlain by green estuarine, 
bioturbated beds that contain oysters in growth position. Ski 146 
subsidence  of  smaller  distributary  channels,  branching  from  the 
major distributary channels.  The associated bioturbated mud was 
deposited  in  the  intervening  interdistributary  bays.  Up-section, 
these  upward  fining  sequences  are  thicker.  The  interbedded 
structureless, intensely bioturbated, gray mudstones are massive and 
at places chocolate in color (Fig.  4.15).  I  interpret these highest 
sequences  as  representing  major  distributary  channels  with 
subaerial  natural  levees  and  adjoining  estuarine  deposits  of  the 
lower delta plain. 
This  facies  is  interbedded  with  medium- to  thin-bedded, 
bioturbated,  earthy  gray  siltstone  and  mudstone  sequences  that 
contain oysters in growth position (Fig. 4.16).  Extensive networks of 
Thalassinoides burrows are well preserved (Fig. 4.17).  I  interpret 
these  beds  to  represent  oyster  reefs  that  existed on  top  of or 
adjacent  to  abandoned subsiding  subaerial-subaqueous  levees  and 
coastal lagoonal/interdistributary-bay deposits. 
Facies E:  Farther up-section,  these finning-upward sequences 
become more thick.  The ridge forming, lenticular sandstones at the 
base exhibit trough  to  large-scale planar cross-bedding and scour 
into  the underlying mudstones (Fig.  4.3).  They contain numerous 
cut-and-fill  structures and in most cases the scours are  filled with 
intraformational mudstone rip-up  clasts  (Fig.  4.18).  These clasts 
locally contain broken oyster shells and leaf molds.  The overlying 
medium bedded  sandstones  are  laminated  and  interbedded,  at 
places, with thin-bedded,  fine sandstones to  siltstones  in  the upper 
part.  These thinner beds  also  contain  long-crested,  current-ripple 147 
FIG.  4.16: Oyster reef with oysters in growth position in massive 
greenish  gray mudstone of  the  estuarine  subfacies  of  the 
Shaigalu member at the Manzaki measured section. 
FIG.  4.17:  Close-up  of  sand-filled,  bifurcating Thalassinoides 
burrows  in  gray  green  mudstone  of  distributary  bay 
estuarine subfacies of the Shaigalu member. 14
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FIG.  4.18:  Close-up of poorly  sorted,  subangular  to  subrounded, 
mudstone-chip  conglomerate  with  mangrove-like  leaves  in 
fine- grained sandstone matrix. 
FIG. 4.19:  Long-crested, symmetrical ripples  on different  vertical 
bedding planes  of  the  Shaigalu  sandstone.  Note  that  the 
symmetrical ripple  crests on different beds indicate  different 
current directions.  This variation in direction suggests wind-
generated oscillatory waves in very shallow water tidal flats. 151 
laminations (Fig. 4.19).  At the top of the sequence, siltstone grades 
into  mudstone.  These  sandstones  contain  large  calcareous 
concretions  The interbedded slope  forming,  gray  to  red brown 
mudstones are massive, structureless and intensely bioturbated.  The 
mudstones also contain a few medium to  thick,  friable,  buff,  fine-
grained sandstones  that  are poorly sorted and occasionally contain 
small  ripple  bedding.  Large-scale  planar  to  trough  cross  beds 
dominantly show S-SW paleoflow directions  with an overall range 
from SE to NW.  I  interpret Facies E to represent a major fluvial­
distributary  channel  with  subaerial  natural  levees  and  adjoining 
estuarine deposits of the uppermost section of the lower delta plain. 
Facies F: This facies is characterized by thick- to very thick-
bedded,  grayish  green  sandstones  interbedded  with  multicolored 
mudstone and shale (Fig.  4.3).  These sandstones show high-angle, 
very large-scale planar to trough cross-bedding (Fig. 4.20).  Locally, 
planar cross-bedded sandstones  are  overlain by parallel-laminated 
sandstones  that,  in  turn,  are  overlain  by  micro-cross-laminated 
sandstones, some with climbing ripples (Fig. 4.21).  These sandstones 
scour into very thick and massive, chocolate brown, maroon to bright 
red  to  reddish brown mudstones and siltstones  (Fig.  4.22).  The 
moderately sorted and friable  sandstones  locally  contain abundant 
carbonized plant debris and deciduous leaf imprints.  Unlike the 
tabular  delta  front  sandstone,  these  sandstones  are  lenticular  in 
geometry.  High-angle, large-scale planar to trough crossbeds display 
a polymodal paleocurrent pattern;  the three principal modes indicate 
flow toward the southsouthwest, westsouthwest and northwest. 152 
FIG.  4.20:  Large,  fluvial 'channel  sandstone  in  upper Shaigalu 
member.  Stratigraphic up is  to the right.  Note the very large-
scale planar cross-beds with horizontal truncation. 
FIG. 4.21: Climbing ripples in the upper fluvial Shaigalu member. 154 
FIG.  4.22:  Multicolored,  massive  mudstone  interbedded  with 
reddish brown sandstones and siltstones. 
FIG. 4.23: Petrified stump in growth position in the upper part of 
the Shaigalu member. -
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In  the upper part of the  section,  this  facies  contains  small, 
marble-sized  calcareous  concretion-rich  horizons,  fossilized  tree 
stumps in growth position  (Fig.  4.23),  carbonized logs,  vertebrate 
bones  (Fig.  4.24),  and  scour-and-fill  lenses  of  intraformational 
conglomerates, composed of brownish red mudstone ripups.  At 
places, well-preserved paleosols contain root traces,  rare coal beds, 
Bk, Bt, and mottled calcrete horizons (Fig. 4.25).  This sequence is 
interpreted  to have been deposited in meandering fluvial channels 
and floodplains of an upper delta plain.  Thin- to medium-bedded, 
lenticular,  ripple-laminated,  ledge-forming  siltstones  interbedded 
with  the  bioturbated  mudstones  and  paleosols  represent  natural 
levee and floodplain deposits. 
DISCUSSION 
The  above  description  suggests  that  these  members were 
deposited  as  part  of  a major delta-fan  system.  In  the Murgha 
Faqirzai member, sedimentation on a continental slope to prodelta is 
indicated by the thin-bedded and fine-grained nature of facies A, the 
faintly  laminated hemipelagic mud and  fissile  shale  of facies  B, 
prevalent slump structures,  the presence of turbidity  flows, nested 
channels  of thin-bedded  turbidite  siltstone  and  shale,  and  their 
stratigraphic position below shallow-marine delta-front facies.  This 
slope  was  constructed  by  an  enormous  supply  of  terrigenous 
sediments from the north and northeast.  Flute marks at the base of 
the  thin-bedded  turbidite  sequence imply southwestward transport, 
down the  axis  of the  basin.  Into  the  slope,  gullies  of varying 
dimensions were cut and filled by turbidites.  The features of facies 157 
FIG.  4.24:  Vertebrate  bone  in  gray,  medium-grained  Shaigalu 
fluvial sandstone at the Manzaki type section. 
FIG. 4.25: A paleosol horizon in the upper Shaigalu member.  Note 
the massive, mottled red siltstone with white caliche nodules 
(Bk horizon). f
l
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A suggest deposition from low-density and low-velocity  turbidity 
currents; probably generated by storm waves on the shelf.  Facies B 
represents  rapid  deposition  of hemipelagic mud and minor  silt. 
These prodelta muds were deposited seaward off the mouth of  a 
major subaerial delta, depositionally similar to the prodelta facies of 
the Mississippi Delta  (e.g., Coleman,  1981).  Penecontemporaneous 
slump features in the prodelta facies, according to Reineck and Singh 
(1986), indicate  a  large supply of fine-grained, suspended sediment 
and have been reported from both modern (Coleman et  al.,  1977) 
and  ancient  (Martinsen,  1989)  prodelta  to  continental  slope 
(Pickering, 1982) facies.  The prodelta facies of the Murgha Faqirzai 
member coarsens upward and grades  into  the  sand-rich  Shaigalu 
member.  This  transition zone  in  the Rud Faqirzai  type  section 
represents  middle-to-outer  shelf  bioturbated  sand  and mud that 
accumulated largely below storm wave base. 
What  sort  of  delta  could  produce  the  repeated  upward 
thickening and coarsening hummocky parasequences of facies C? On 
wave-dominated  deltas,  hummocky  cross-stratification  forms 
between the fair-weather and storm wave base and occurs in delta-
front facies of the Eocene Tyee and Coaledo Formations of southwest 
Oregon (Chan and Dott,  1986).  In  contrast,  upward thickening 
sequences from the fluvial delta-front facies of the Mississippi Delta 
do not have hummocky bedding and have more clay and silt near the 
base (Coleman, 1981).  I  observed important lithological differences 
in the Katawaz delta-front facies compared to these two delta types. 
I  encountered  a  greater overall  thickness;  well-developed  siltstone 
and mudstone in  the lower part of each parasequence, and micro­160 
I  cross-laminated beds similar to  the Mississippi Delta.  However, 
also  found common hummocky stratified  beds  in  facies C that 
resemble the standard type of Dott and Bourgeois (1982).  There is 
less  amalgamation and no contorted cross-bedding  relative  to  the 
Tyee and Coaledo Formations.  The absence of bidirectional cross-
bedding and mud drapes in the delta-front facies suggest very little 
tidal influence.  The thicknesses of the laminated clays, thin-bedded 
siltstones,  and hummocky sandstones  vary among parasequences. 
This variation  in  thickness of distal  and proximal  facies  can be 
related  to  axial-to-lateral  or  distal-to-proximal  variations.  Trace 
fossils  in  these  delta-front  sandstones  indicate  a  shallow-marine, 
inner- to  middle-shelf depositional environment.  It  is,  therefore, 
suggested  that  these parasequences were produced by progradation 
of  distributary-mouth  bars  into  wave-dominated  shelfal 
environment.  Repeated parasequences were formed due to frequent 
migration  of  the  distributary  mouths  accompanied  by  tectonic 
subsidence or sea-level changes. 
The upward fining sequences (facies D) in the middle Shaigalu 
member were formed by  lateral  shifting  or abandonment due  to 
subsidence  of  the  smaller  distributary  channels  of  distributary-
mouth bars.  These smaller sequences give way to the major fluvial­
distributary channel thinning upward sandstone sequences of Facies 
E  with  erosive  bases.  These  massive,  locally  cross-stratified 
sandstones  with  internal  erosion  surfaces  are  overlain  by  uni­
directional,  planar  cross-stratified  sandstones  that mark the  main 
channel-fill  deposits  of  the  major  fluvial-distributary  channel 
sequence.  The erosional  planes  within  these massive  sandstones 161 
probably indicate frequent flood conditions and channel migration, 
whereas the  cross-stratification was formed due  to  bar migration. 
Associated  thin-bedded,  ripple-laminated  sandstone  and  siltstone 
with climbing ripples  indicate shallow-water channel  fills  deposited 
during overbank flow or channel migration or abandonment.  In the 
middle  of  the  Shaigalu  member,  Facies D and E  indicates  a 
transitional paralic sequence between a subaqueous and a  subaerial 
delta-plain environment.  Associated in situ oyster reefs also occur in 
marginal  sediments  of  subsiding  lobes  of  the  Mississippi  Delta 
(Coleman,  1981).  Overall,  the middle Shaigalu member represents 
interdistributary  bays,  distributary  channels,  subaqueous  levees, 
estuarine and oyster-reef environments of a lower delta plain.  The 
lack  of  organic  rich  swamp sediments  in  these  facies  implies 
relatively minor tidal influence. 
Molluscan fossils in the lower and middle Shaigalu are mainly 
gastropods  and  pelecypods,  notably  Nerita, Telescopium and 
Turritella  (T. De Vries,  1994, personal commun.).  These species 
indicate mainly brackish-water,  estuarine  to  open marine,  deltaic 
conditions.  I  also found reworked brackish-water species  in  the 
delta-front sandstone.  These were probably flushed into  shallow-
marine environments by storm runoff and floods.  Similarly,  the 
presence of shell-hash can also be attributed to storm waves. 
As  the  rate  of  sedimentation exceeded  the  rate  of basin 
subsidence, subaerial delta channel and floodplain facies of the upper 
delta plain prograded over the lower delta-plain facies.  Fluctuations 
of sea-level may have resulted in  the interfingering of distributary 
channel,  interdistributary mud, estuarine  and  tidal  flat  sequences. 162 
As a result, the basin was filled by a very thick fluvial upper delta-
plain sequence of facies F.  This facies is dominated by thick, upward 
fining sequences of large-scale planar and trough to ripple-laminated 
channelized sandstones, and multicolored mudstones and siltstones. 
Overall,  these  lithologies  represent  meandering  fluvial  channel, 
overbank  floodplain,  rare  freshwater swamp and  natural  levee 
deposits. 
Abundant  thick,  multicolored  mudstones,  siltstones,  and 
paleosols in facies F suggest subaerial, oxidizing environments on the 
upper delta-plain.  This facies represents a low-lying floodplain of a 
highly sinuous meandering river system, much like the lower Indus 
River today.  The rare  thin coal seam records a local organic-rich 
swamp or marsh on the floodplain.  Some channelized or lenticular, 
burrowed,  massive mudstone  or  siltstone  beds  could  be  cut-off 
meander fills  or plugs formed in oxbow lakes.  High-angle, large-
scale  planar  cross-bedded  sandstones  with  climbing  ripples  that 
become abundant toward the top may reflect a gradual change to a 
higher-sinousity fluvial system.  The development of climbing-ripple 
lamination  requires  a  continuous  rapid  supply  of  abundant 
sediments.  These are also reported from the modern sediments of 
the Brahmaputra River (Coleman, 1969).  Preserved in situ tree roots 
and stumps might have been buried by flash  floods on the upper 
delta floodplain. 
A seasonally wet-dry  semiarid  to subhumid climate for  the 
Katawaz setting is indicated by the common paleosol horizons (Facies 
F).  They contain burrows, root traces (rhizoconcretions, drab-haloes), 
clayey, Bt and calcareous, Bk soil horizons, and mottled, subangular 163 
blocky peds soil structures.  The Bk horizons have calcareous nodules 
and at places are well cemented and resemble calcrete.  Similarly, 
the  arid Nile and semi-arid Ebro delta plains are characterized by 
calcretes and evaporites (halite and gypsum) (Reading, 1980).  These 
features  are  also reported from both modern soils  (Sehgal  et  al., 
1968) and Miocene paleosols (Retallack, 1991) of the sub Himalaya. 
These paleosol characteristics  are  attributed  to  the highly seasonal, 
monsoonal climate of the region. 
Overall, the Shaigalu and Murgha Faqirzai members reflect a 
wave-modified  fluvial-dominated  delta  that  gradually  prograded 
southward.  The enormous  thickness  of  the  siliciclastic  wedge, 
penecontemporaneous features present in the prodelta and distal bar 
facies, repeated thickening upward parasequence of the  delta  front 
facies and frequent climbing ripples in the fluvial  facies suggest a 
river  dominated  system.  Hummocky cross-bedded  delta  front 
sandstones suggest a strong wave influence.  I suggest that owing to 
the rapid deposition of the high sediment discharge the  delta was 
able  to  prograde  southward  and  retained  its  overall  fluvial 
characteristics, even in the presence of relatively high wave energy. 
This is similar to the modern delta formed by the Indus River (Wells 
and Coleman, 1984). 
The modern Indus River drains  the Himalayan mountains in 
the north  as  a braided stream and flows south displaying a well-
defined meandering belt with river bar and natural levee deposits 
(Holmes, 1968).  The average water discharge in summer reaches 30, 
000 m3/sec,  nearly  twice  the  average  value  of  the  Mississippi. 
Similarly,  the  annual  sediment  discharge  varies  between  395­164 
4 3 5 x  1 0 3  metric  tons,  almost  equivalent  to  the  Mississippi. 
Furthermore, the Indus delta has a mesotidal range, extremely high 
wave energy and strong monsoon winds (Wells and Coleman, 1984). 
The ratio of subaerial to subaqueous delta area is nearly 10 :  1.  The 
Indus delta plain  is  slightly larger than that of the Mississippi and 
covers  29,500 km3 in the shape of a broad fan.  The Indus delta has 
prograded  at  the  rate  of 30 m/year during  the  last  5000 years 
(Holmes,  1968).  Because of the rapid deposition of its high and 
coarse sediment discharge, the delta has been able to prograde under 
the fourth highest wave energy conditions in the world (Wells and 
Coleman,  1984).  Much of the coarse sediment is  carried directly 
offshore  to  the  Indus  Fan,  the  largest  physiographic  feature 
(1500 km in  length  and 960 km in  width)  in  the  Arabian  sea 
(Islam, 1959). 
Khojak Paleogeography 
From where was this  very thick  siliciclastic wedge derived? 
South and southwest-directed paleocurrents imply  that  the  source 
area was located to the north and northeast of the Katawaz Basin. 
Only a  large  drainage  area with high  relief could  shed enough 
sediment to form the rapidly subsiding Katawaz delta and adjacent 
Khojak submarine  fan.  During  the  early  Tertiary  when  these 
sediments  were  being  eroded,  transported,  and  subsequently 
deposited,  the  Himalayan orogenic  belt  was  quite  active.  No 
alternative  tectonically  active  terrane of this  age  is  known.  The 
south and southwest flowing  paleocurrents  also  suggest  that  the 
Katawaz deltaic complex axially fed the Khojak submarine fan (Fig. 165 
4.26), now exposed farther southwest near Chaman (Lawrence et  al., 
1992) and Nushki (Bannert et al.,  1992).  The combined results of the 
Deep Sea Drilling Project and Ocean Drilling Program suggest that 
high  accumulation  rates  of  Himalayan-derived  sediments  in  the 
Indian Ocean started in the early Miocene (Davies et  al.,  1995).  I 
infer  that  the  Khojak sediments  are  the  missing record of pre-
Miocene western Himalayan orogeny.  Thus,  I  propose  that  the 
Khojak sediments were eroded from the newly emerging Himalayan 
orogenic  highlands  and  transported  by  a  major  river  into  the 
remnant of the Neo-Tethys Ocean in  a Paleogene analogue of the 
modern Indus river-delta-fan complex. 
The Katawaz Basin was eventually closed in a scissors motion 
due to the oblique collision of the Indo-Pakistan continent with the 
Afghan block.  This is tectonically analogous to a mirror image of the 
modern Ganges-Brahmaputra delta and Bengal submarine fan system 
(Qayyum et  al.,  1994a), which is being actively subducted along the 
Java Trench.  Synorogenic fanglomerates and molasse (Multana and 
Bostan Formations, Fig. 4.2) were deposited on top of the Shaigalu 
member, with an angular unconformity, during the  final  stages of 
deformation and uplift.  Crustal shortening was accommodated by 
long NE to SW trending imbricated fault bend folds and associated 
thrust faults (Qayyum et  al.,  1994b).  Gently tilted Pleistocene Bostan 
Formation postdates the major deformation and thus closure of the 
Katawaz Basin.  Overlying Quaternary beds cut by fault scarps along 
the  southern  margin  of  the  Katawaz  Basin  confirm  ongoing 
deformation. 166 
Early Himalayan Orogenic 
Highlands 
FIG. 4.26: The paleogeographic reconstruction of the Indo-Pakistan 
and  other  continental  fragments  at  40 Ma (modified  after 
Smith et  al.,  1981). Note the ancestral drainage draining the 
early Himalayan orogenic highlands, forming the Katawaz Delta 
that in turn axially fed the Khojak submarine fan. 167 
CONCLUSIONS 
The superbly exposed Katawaz Basin, due to  its geographic and 
geologic position, provides a superior opportunity to  study a major 
deltaic system that prograded into a remnant ocean and fed a major 
deep sea fan.  Field geology and lithofacies analysis of the Khojak 
Formation reveal a spectrum of facies ranging from deltaic  to upper 
continental slope.  The Shaigalu and Murgha Faqirzai members are 
the missing deltaic  to  continental  slope component in  the  flysch­
delta-molasse continuum  .  in  the  Katawaz Basin  for  the  oblique 
remnant ocean closure during the early stages of continental collision 
(e.g., Graham et al.,  1975; Ingersoll et al.,  1995).  The Katawaz delta 
received sediments from an ancestral proto-Indus River that drained 
the  early Himalayan orogenic highlands and axially  fed  turbidity 
currents into the closing remnant of the Neo-Tethys Ocean to form 
the  large Khojak submarine fan.  The proposed fluvial-dominated 
and wave-modified sedimentologic model is  a Paleogene analogue of 
the modern Indus system, in which the Katawaz delta corresponds to 
the Indus delta, and Khojak fan to  the Indus submarine fan.  Final 
closure of the Neo-Tethys remnant ocean tectonically incorporated 
the Katawaz delta and Khojak fan within Pakistan-Afghanistan  so 
that Paleogene orogenic sediments are missing in the Indian Ocean. 
Continued study of these rocks should offer new insight  into  the 
Paleogene uplift and unroofing history of the western Himalaya. 168 
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ABSTRACT 
The Indus River carries sediments from the  western Himalaya 
and deposits some of these  as channel and floodplain sediments or 
molasse.  The rest of its load forms the Indus delta  at the margin of 
the Indian Ocean.  The Indus delta passes some of its sediments  to be 
deposited  as Indus submarine fan turbidites.  Thus,  as  elsewhere, 
Himalayan molasse, delta, and fan deposition  are related in time and 
space.  However, when we examine fluvial and marine  age-range 
data  of  the  older  Indus  deposits,  in  terms  of  this  sedimentary 
assemblage, a major portion of its marine record  is  missing.  The 
oldest known molasse along  the  Indus  suture  zone,  and  in  the 
foredeep are middle Eocene and late Paleocene in  age, respectively. 
A recent synthesis of sedimentation in  the northern Indian Ocean, 
however, shows  that  turbidite  sedimentation  started  around  early 
Miocene in the modern Indus fan, and  even later in the Bengal fan. 
Where are  the Paleogene Indus  delta  and fan  sediments?  We 
suggest herein that these are preserved as  the Paleogene siliciclastic 
Khojak Formation in the Katawaz Basin and eastern Makran. 
INTRODUCTION 
The modern Indus River is 2900 km long (Coumes and Kolla, 
1984) and has 30,000 m3/sec discharge (Milliman  et  al.,  1984) in 173 
summer (Fig.  5.1), twice that of the Mississippi River.  The annual 
suspended sediment load (Wells and Coleman, 1984) varies between 
3 9 5  4 3 5 x  1 0 3 metric  tonnes,  almost  equal  to  that  of  the 
Mississippi.  The existence of the middle Eocene to middle Miocene 
Indus molasse along  the  Indus  suture zone  (Searle  et  al.,  1990) 
suggests that a major west-flowing river partly following almost the 
same valley as the modern Indus, here called the paleo-Indus River, 
carried these sediments from the western Himalaya, and deposited 
these as channel and floodplain deposits on the subcontinent.  Thus, a 
west-flowing paleo-Indus  fluvial system was established soon after 
the formation of the early Himalayan orogenic highlands due to  the 
collision of the Indo-Pakistan subcontinent with Asia (Beck et  al., 
1995) between 65-55 Myr.  Metamorphic age dates in the northwest 
Himalaya (Treloar et al.,  1989; Baig, 1990; Chamberlain et  al.,  1991) 
and  elsewhere  (Sorkhabi  and  Stump,  1993)  confirm  significant 
Eocene orogenic deformation that should have produced mountainous 
relief and abundant sediments.  Similarly,  very  late  Paleocene  to 
early Miocene terrigenous sediments of the Murree molasse in  the 
Himalayan foreland basin were also derived from the early Himalaya 
(Bossart and Ottiger, 1989; Critelli and Garzanti, 1994; Garzanti et al., 
1996;  Pivnik  and  Wells,  1996).  Thus,  foreland  molasse 
sedimentation also  started  soon  after  collision.  The west-flowing 
(Searle et  al.,  1990) paleo-Indus fluvial system started to erode and 
transport terrigenous sediments from the early Himalayan highlands 
around  middle  Eocene.  The Paleogene  Indus  molasse  on  the 
subcontinent  represents  a  part  of  the  early  eroded  Himalayan 
siliciclastic  sediments.  This paleo-Indus fluvial system should have 174 
FIG. 5.1: Tectonic map of southern Asia and Indian ocean showing 
major tectonic, fluvial, and marine features.  The Indus River 
follows  the  Indus Suture Zone in  the  north  for more than 
600 km  before  cross-cutting  entire  northwest  Himalayan 
Range.  The Indus River then flows to  the south along the 
mountain front,  and dumps its  sedimentary load  to form the 
Indus delta  at  the western margin of the subcontinent.  The 
Indus  delta  then  axially  feeds  the  Indus  submarine  fan. 
Similar relations obtain between the Ganges and Brahmaputra 
Rivers, their combined delta, and the Bengal Fan.  The dots 
show the locations of the Deep Sea Drilling Program (DSDP) and 
Ocean Drilling Project (ODP) sites in the northern Indian ocean. 
Note the  location of the Katawaz Basin with respect to  the 
Himalayas to the northeast, and Indus fan to its south.  MR is 
the Murray Ridge and MDF is  the active Makran Deformation 
Front. 175 
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deposited the rest of these sediments in an adjacent remnant  ocean 
(e.g., Ingersoll et al.  1995). 
The modern Indus River deposits its sediment load, and forms 
the delta at the margin of the Indian Ocean (Fig.  5.1).  The Indus 
delta  plain  is  slightly  larger  than  the  Mississippi,  and  covers 
29,500 km2 area in the shape of a broad fan (Wells and Coleman, 
1984).  The oldest geologic record of the Indus delta is early Miocene 
(Kazmi, 1984). 
The Indus delta axially passes some of its  sediments through 
submarine canyons to be deposited on the Indus submarine fan as 
turbidites (Islam, 1959; McHargue and Webb, 1986).  The Indus fan 
(1,500 x 960 km) is  the second largest fan  in  the world after  the 
Bengal Fan (Coumes and Kolla, 1984).  It covers 1,250,000 km2 area 
of  the modern Indian Ocean (McHargue and Webb,  1986),  and 
contains more than 7 km of sediments (Naini and Talwani,  1977). 
Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) 
studies  in  the  northern  Indian  Ocean  show  that  turbidite 
sedimentation  of  the  modern  Indus  fan  started  around  late 
Oligocene-early Miocene (Davies  et  al.,  1995).  Subsequently,  the 
Bengal  Fan  became  the  depocenter  of  Himalayan  siliciclastic 
sediments around  12 Myr (Rea,  1992; Davies et  al.,  1995).  This 
implies that paleo-Indus sediments did not reach the modern Indian 
Ocean, and must be preserved elsewhere. 
Recent studies in the Katawaz Basin (Fig. 5.2) found that the 
Paleogene siliciclastic Khojak Formation is more than 6,300 m thick 
(Qayyum et  al.,  1994; 1996a&b).  The Khojak Formation is  a time-
transgressive unit, which is  further subdivided into Murgha Faqirzai 177 
FIG.  5.2: Tectonic map of the Katawaz Basin.  The left  lateral 
Chaman Fault  (CF)  separates  the  Katawaz Basin from  the 
Afghan Block,  which  is  one  of many Cimmerian micro-
continents (Sengor, 1984)  The accretion of Cimmerian micro-
continents  with  the  Eurasia  closed  the  paleo-Tethys,  and 
opened the Neo-Tethys to their south.  The Neo-Tethys closed 
when  the  Indo-Pakistan  subcontinent  collided  with  the 
Cimmerian  micro-continents.  As  a  result,  the  Kohistan, 
Kandahar  and  Chagai  Arcs,  and  fold-and-thrust-belt  were 
developed.  The Katawaz remnant ocean was part of the Neo-
Tethys, where the Khojak siliciclastic sediments were deposited 
in a delta-fan continuum.  Presently, Makran Deformation Front 
(MDF) is the site along which the Arabian oceanic lithosphere, a 
Neo-Tethys remnant,  is  being subducted under  the Makran 
region. 178 
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and Shaigalu members (Jones,  1961).  In  the northern part of the 
Katawaz  Basin,  where most of  the  unit  is  exposed because  of 
structural  imbrication,  its  age ranges from very  late  Paleocene  to 
Miocene (Cassaigneau, 1979; Tapponnier et  al.,  1981).  In the central 
part of the  basin,  only upper parts  of the Murgha Faqirzai and 
overlying  Shaigalu  members  are  exposed  because  the  upper 
decollement is within the Murgha Faqirzai member.  In this part of 
the basin, available age data confirm that the Khojak strata are late 
Eocene-early Miocene (Jones,  1961) in  age.  The Murgha Faqirzai 
member is predominantly a turbidite sequence that was deposited as 
the Khojak submarine fan in the Katawaz remnant ocean (Qayyum et 
al.,  1996b).  In the middle part of the basin, however, it represents 
upper continental slope to prodelta environments of deposition.  The 
overlying  sand-rich  Shaigalu member represents  both subaqueous 
and  subaerial  facies  of  the  Katawaz Delta  in  the  middle and 
northeastern part of the Katawaz Basin, respectively.  Paleocurrent 
indicators  in  the Shaigalu member show that these sediments were 
transported from the  early Himalayan orogenic highlands northeast 
of the Katawaz Basin (Qayyum et al., 1994; 1996b).  Furthermore, the 
Katawaz delta axially fed the Khojak submarine fan in the Katawaz 
remnant ocean.  This is  the Paleogene analog of the Neogene Indus 
delta-fan complex in the modern Indian Ocean. 
Southwest of the Paleogene Himalaya,  the Katawaz remnant 
ocean (Qayyum et  al., 1996a&b) persisted as a fragment of the Neo-
Tethys ocean between the Afghan block and the northwest margin of 
the  Indo-Pakistan  subcontinent  after  the  northward movement of 
the  subcontinent had consumed  all  the  Neo-Tethys between  the 180 
subcontinent and Asia to the east (e.g., Garzanti et al.,  1996).  Seismic 
(Jadoon et al.,  1992) and gravity (Jadoon and Khurshid,  1996)  data in 
the Sulaiman Range, east of the Katawaz Basin, indirectly suggest that 
the top of the basement is buried under at least  20-25 km of strata 
in  the Katawaz Basin.  Such an enormous thickness of sediments 
isostatically  requires  thin  transitional  to  oceanic  crust  under  the 
Katawaz Basin.  This implies that a portion of the Neo-Tethys oceanic 
lithosphere is  still present under the Katawaz Basin. 
DISCUSSION 
The  age-range  data  discussed  above  for  each  Paleogene 
siliclastic environment imply that the paleo-Indus River system was 
established as an integrated drainage system by middle Eocene (Fig. 
5.3).  This fluvial system drained and eroded the newly formed early 
Himalayan orogenic highlands.  The resulting terrigenous sediments 
were partially deposited  as  the paleo-Indus channel and floodplain 
deposits that are now preserved as the Indus molasse.  The rest of 
the  detritus  was  transported  to  the  western  margin  of  the 
subcontinent, and deposited as the Katawaz delta at the northeastern 
corner of the Katawaz remnant ocean.  The Katawaz delta axially 
supplied Himalayan sediments  to  the Khojak fan  in  the remnant 
ocean.  This scenario persisted until the  start of the Miocene when, 
due  to  the  continuing northward motion of the  subcontinent,  the 
west-flowing paleo-Indus could not keep up with the uplift rates of 
the Waziristan-Baluchistan ranges, bordering the Katawaz Basin  to 
the east.  As a result, the fluvial system was diverted to the south, 
bypassing the Katawaz Basin.  The Himalayan terrigenous sediments 181 
FIG. 5.3: Schematic diagram showing the paleogeographic setting of 
the  Indo-Pakistan  subcontinent  and  adjacent  areas  during 
middle Eocene.  Note the west-flowing paleo-Indus draining the 
early  Himalayan  orogenic  highlands,  and  dumping  the 
sediments  at  the western margin of the subcontinent to form 
the Katawaz delta that axially fed the Khojak submarine fan in 
the Katawaz remnant ocean. 182 
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reached the Indian Ocean between 21-19 Myr as  suggested by the 
sudden increase  in  the  accumulation rates  in  the  northern Indian 
Ocean (Davies et  al.,  1995).  This southward diversion of the paleo-
Indus heralded  the  birth  of the modern Indus  delta-fan complex. 
Shortly after the drainage diversion, the Katawaz Basin was closed, 
deformed, and uplifted.  The Katawaz delta and Khojak fan were 
folded,  thrust-faulted, and incorporated within southern Asia.  This 
delta-fan complex  is  now exposed  in  the  Katawaz Basin  as  the 
imbricated fault bend folded Khojak Formation. 
CONCLUSIONS 
In  summary,  the Paleogene Katawaz  delta  and Khojak fan 
continuum,  the  middle  Eocene  initiation  of  the  Indus  molasse 
deposition,  and  the  early  Miocene  beginning  of  turbidite 
sedimentation of the modern Indus submarine fan suggest that the 
early Himalayan marine siliciclastic sediments that are missing in the 
modern Indian Ocean are preserved as the Khojak Formation in the 
Katawaz  Basin.  The Katawaz  delta  and Khojak submarine-fan 
continuum  matches  the  Paleogene  Himalayan  molasse  on  the 
subcontinent, and was deposited in the Katawaz remnant ocean as a 
Paleogene analog of the Neogene Indus  delta-fan complex in  the 
modern Indian  ocean.  Therefore, we suggest  that  the Paleogene 
Katawaz delta and Khojak submarine-fan continuum represents  the 
paleo-Indus  delta-fan  complex  missing  from  the  present  Indian 
Ocean. 184 
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ABSTRACT 
Molasse strata on the Indo-Pakistan subcontinent and modern 
Indus delta-submarine fan sediments  in  the northern Indian Ocean 
were derived from  the  Himalaya.  Earliest  molasse  sedimentation 
started  around  late  Paleocene, soon  after  formation of the  early 
Himalayan orogenic highlands. However,  turbidite  sedimentation of 
the modern Indus Fan did not begin until  the early Miocene, and 
occurred even later on the Bengal fan in the modern Indian Ocean. 
Where are  the  equivalent early Himalayan marine sediments  that 
are missing from the Indian Ocean?  This question remains one of the 
unsolved parts of the Himalayan tectonic puzzle. We suggest that the 
Paleogene  siliciclastic  sequence  of  the  Khojak Formation  in  the 
Katawaz Basin and Makran area,  Pakistan,  are  the missing older 
Himalayan marine sediments. This sequence was derived from the 
early Himalayan orogenic highlands, and deposited in the Katawaz 
remnant ocean as the Katawaz delta and Khojak submarine fan prior 
to  the Neogene formation of the modern Indus delta-fan complex. 
The Katawaz remnant ocean,  a southwestern extension of the Neo-
Tethys, was closed by the end of early Miocene and the Katawaz 
delta  and Khojak submarine  fan were incorporated  to  the  Indo-
Pakistan  subcontinent. 190 
INTRODUCTION 
A direct result of continental plate collision is  the formation of 
orogenic highlands.  These highlands become the  source area for 
siliciclastic  sediments  that  are subsequently eroded and transported 
by a major drainage network.  Part of these siliciclastic sediments are 
deposited  on  the  continents  as  molasse,  while  the  remaining 
sediments  form  deltas  at  continental  margins  and  axially  feed 
submarine  fan  turbidites  (flysch)  in  deep  oceans.  Several 
investigators  (e.g., Galloway and Brown, 1973; Graham et  al.,  1975; 
Ingersoll  et  al.,  1995, Qayyum et  al.,  1996b) have postulated 
sedimentation and tectonic models in which such sediments  are shed 
from  growing  orogenic  highlands.  They  are  transported 
longitudinally, down the basin axes, by a fluvial system.  Part of 
them pass  through  deltas  into remnant ocean basins,  where they 
form submarine  fans.  The Himalayas  are  no exception  to  this 
common scenario. 
Collision of the Indo-Pakistan subcontinent with Asia not only 
created the world's highest mountains, the Himalaya, but also shed  a 
voluminous amount of syn-orogenic sediments that are preserved  as 
thick molasse sequences on the Indo-Pakistan subcontinent and the 
world's largest delta-submarine fan complexes in the Indian Ocean. 
The Ganges/Brahmaputra-Bengal and Indus  delta-fan complexes are 
located on  the  eastern and western margins of  the  subcontinent, 
respectively (Fig. 6.1).  As a result of collision the northern part of 
the Neo-Tethys, between Asia and the subcontinent, was also closed. 
This  collision  uplifted  the  early  orogenic highlands  in  the 
northwestern Himalaya that  subsequently became the  source  area 1 9 1
 
FIG. 6.1: Tectonic map of south Asia showing the main tectonic, 
depositional and fluvial systems in the area.  The Indus River is 
about 2900 km long. After draining the Himalaya in the north, 
the Indus flows south about 1200 km across the Indus plains, 
parallel to the mountain front, before forming the delta in the 
Arabian  Sea.  The  Indus  Delta  axially  feeds  the  Indus 
submarine fan.  The Indus fan is bounded by the Indo-Pakistan 
shelf edge on the east, the Owens Fracture Zone to the west and 
the Murray Ridge (MR) on the north.  The Brahmaputra River 
in  the  north and the Ganges River in  the  south drain  the 
eastern Himalaya and form the  delta  that  axially  feeds  the 
Bengal submarine fan.  The Makran deformation front (MDF) 
joins the Main Zagros Thrust (MZT) in the west by the right-
lateral,  Minab Fault (MF).  In  the  east, however, the MDF 
probably joins the  left-lateral, Ornach-Nal Fault (ONF).  The 
circles are locations of DSDP and ODP sites in the northern 
Indian Ocean.  Pleistocene calc-alkaline volcanoes, related  to 
the Makran subduction zone, are shown by triangles.  Rectangle 
shows area of Fig. 6.2. 192 
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for  the Himalayan molasse on the Indo-Pakistan subcontinent, and 
delta-fan complexes in  the Indian Ocean.  The Himalayan foredeep 
molasse consists  of  the Murree and Kamlial Formations and  the 
Siwalik Group  (Iqbal  and  Shah,  1980).  These  units  are  time 
transgressive  and generally become younger to  the  south.  They 
were  mainly  deposited  in  the  southward  migrating  Himalayan 
foredeep  that  developed  due  to  the  flexural  bending  of  the 
tectonically  loaded  Indo-Pakistan  lithosphere.  The oldest known 
Murree Formation in the Lesser Himalaya is  late Paleocene to middle 
Eocene in age (Bossart and Ottiger, 1989).  In addition, middle Eocene 
to  late Miocene Indus molasse strata,  as  a part of an intermontane 
basin sequence,  are present along the 2000 km long Indus Suture 
Zone, north of the Higher Himalayas (Searle,  1990).  Thus, a clear 
record  of abundant pre-Miocene Himalayan molasse sedimentation 
documents the Paleogene existence of the fluvial system. 
This  fluvial  system  should  have  also  produced 
contemporaneous Eocene delta and submarine fan sediments.  In the 
Indian Ocean, however, the Himalayan derived  turbidite  sediments 
that form the Indus submarine fan started to accumulate in the early 
Miocene, and deposition began even later in the Bengal fan (Davies, 
et  al.,  1995).  This implies that the older, early molasse equivalent, 
marine sediments eroded off the early Himalaya did not reach to the 
Indian Ocean, and are preserved elsewhere.  The main reason this 
"mystery of the missing sediments" has not been solved in previous 
studies  is  that  earlier  investigations focused either on the  Indian 
Ocean or the Himalaya terrain.  Only a few previous studies  (e.g., 
Curray and Moore, 1971; Graham et  al.,  1975; Ingersoll and Suczek, 194 
1979; Suczek and Ingersoll,  1985; Rea,  1992) have described the 
direct  relationship  between  Himalayan  tectonism  and  Neogene 
sedimentation in the Indian Ocean.  Recently Garzanti, et  al., (1996) 
related the detrital modes of the siliciclastic sediments to the gradual 
unroofing of the Himalaya.  According to  this study the Himalayan 
derived  sediments  reached  the  western  passive  margin  of  the 
subcontinent around Oligocene time.  The study did not recognize the 
Katawaz remnant  ocean  as  the  main  depocenter  of  the  early 
Himalayan sediments.  Thus, no systematic attempt has  yet been 
made to  locate the early Himalayan marine strata  related  to  the 
Paleogene part of the Himalayan orogeny.  In this paper we focus on 
this problem. 
This study emphasizes the time and space relationship between 
molasse,  delta,  and submarine fan deposition  associated with  the 
Himalayan orogeny.  We argue that during most of the Paleogene the 
Katawaz  Basin  was  the  site  where  earlier  Himalayan  marine 
sediments were deposited as the Katawaz delta and the Khojak fan. 
Due to  its  tectonic position and well-exposed siliciclastic  sequence, 
the  Katawaz  Basin  provides  important  clues  to  these  missing 
sediments.  We explain, through a series of schematic diagrams, how 
the Katawaz delta and Khojak fan in the Katawaz remnant  ocean, a 
southwestern extension  of the  Neo-Tethys, were replaced by  the 
modern Indus delta-fan complex in the Indian Ocean as the current 
sediment depocenter for the western Himalaya.  First, we review the 
earlier Himalayan deformation and formation of older molasse on the 
Indo-Pakistan  subcontinent.  Then, we describe  the modern Indus 
River, delta and submarine fan complex in light of Deep Sea Drilling 1 9 5 
Project (DSDP), Ocean Drilling Program (ODP) and related studies. 
This description is followed by a summary of the results of our field 
investigations,  Landsat,  lithofacies  and  tectonic  analyses  of  the 
Khojak siliciclastic sequence in the Katawaz Basin, Pakistan.  We also 
describe  earlier work (Schreiber,  et  al.,  1972;  Cassaignau,  1979; 
Tapponnier, et  al.,  1981) from the northernmost part of the Katawaz 
Basin that lies in Afghanistan.  Finally, we relate these results to the 
earlier  Himalayan  deformation  and  Himalayan  molasse  on  the 
subcontinent, and the modern Indus delta and submarine fan system 
in the Indian Ocean to solve the missing marine sediment mystery. 
Early Himalayan Deformation and Older Molasse 
Continued northward convergence of the  subcontinent closed 
the  Neo-Tethys  between  India  and  Eurasia,  and produced  the 
Himalaya as a result.  Recent study shows that the initial collision of 
India with Asia that formed the early Himalayan orogenic highlands 
occurred between 66 and 55.5 Ma and the suturing was complete by 
49 Ma (Beck et al.,  1995).  Paleomagnetic study of the basement and 
overlying  sedimentary  rocks  of  the  Ninetyeast  Ridge,  however, 
suggest  that  the  initial  contact  between  subcontinent  and Asia 
established by Cretaceous-Tertiary time, and suturing was complete 
by 55 Ma (Klootwijk et  al.,  1992).  Significant orogenic deformation 
occurred in the Eocene at  the advancing edge of the Indo-Pakistan 
subcontinent as suggested by  40Ar/39 Ar studies of the metamorphic 
rocks in the northwest Himalayas (Treloar et  al.,  1989; Baig, 1990; 
Chamberlain et  al.,  1991).  This deformation is  related to the initial 
collision of the Indo-Pakistan subcontinent with the Kohistan Arc. 1 9 6 
The geothermometry and geobarometry of these rocks suggest that 
peak metamorphic conditions  of 600-700°C and 9-11 kbar  in  the 
northwest Himalaya  (Di Pietro,  1991)  prevailed during  that  time. 
These conditions imply that these rocks were buried then at a depth 
of approximately 32-38 km.  Similarly, fission-track ages from Swat 
suggest  that  the unroofing of the  northwestern Higher Himalayan 
region  started  in  very  early Eocene time  (Zeitler  et  al.,  1982). 
Therefore,  it  is  logical  to  assume  that  the  Himalayan orogenic 
deformation  produced  orogenic  highlands  from  which  abundant 
siliciclastic sediments were eroded in the Eocene.  These sediments 
are  partially  preserved  as  thick,  older  molasse  in  Himalayan 
foredeep (Murree Molasse), and along the Indus suture zone (Indus 
Molasse) in the north. 
The Murree Molasse at Balakot, located near the northern tip of 
the  Hazara-Kashmir Syntaxis  (Fig.  6.2),  is  the  oldest  identified 
Himalayan  siliciclastic  sediment  on  the  Indo-Pakistan  continent 
(Bossart and Ottiger,  1989).  These red-beds were deposited in  the 
south- migrating Himalayan foredeep.  They become progressively 
younger to the south.  Deposition started in very late Paleocene in a 
tidal  flat environment at Balakot.  Fluvial facies, however, dominate 
in the Murree Hills area to the southwest.  Bossart and Ottiger (1989) 
suggested that  the  transition from dominantly  tidal  flat  to  fluvial 
facies was in the Murree Hills area.  The timing of this transition in 
the  Murree  area  is  roughly constrained by  the  Lutetian  age  of 
underlying  shelfal  rocks,  that  is  sometime in  late  middle Eocene. 
Murree molasse  sedimentation  lasted  till  the  end  of  the  early 197 
FIG. 6.2: Tectonic map of the Katawaz Basin and associated tectonic 
features.  The  left-lateral  Chaman fault  (CF)  separates  the 
Katawaz Basin from Afghan Block and the Ornach Nal Fault 
(ONF).  The Zhob Thrust (ZT) brings the Katawaz sequence over 
the ophiolitic melange and accretionary prism sediments.  The 
Indus River cuts across the Himalaya and follows the Kirthar-
Sulaiman mountain front.  Note the position of the Hazara-
Kashmir Syntaxis (HKS) and the Potwar Plateau.  The Kirthar, 
Brahui, and Sulaiman ranges have been collectively referred to 
as the Baluchistan ranges in the text. 198 
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Miocene in the Potwar Plateau farther south in  the Sub Himalayan 
region (Iqbal and Shah, 1980). 
The Murree red beds were thought previously  to be derived 
from  the  Indo-Pakistan  craton  to  the  south  (Gansser,  1964). 
However, more recent studies of the Murrees in Pakistan (Bossart 
and Ottiger, 1989; Critelli and Garzanti, 1994), and its equivalents in 
India (Chaudhiri, 1971; Raiverman et al.,  1983; Najman et  al.,  1993), 
and Ladakh (Garzanti et  al.,  1996) have identified the Himalaya as 
their provenance. 
In the Higher Himalaya, to  the north, middle Eocene to  late 
Miocene Indus Molasse deposits have been reported along the Indus 
Suture Zone (Searle, 1990).  According to this study, the WNW-ESE 
trending  Indus  basin was about  2,000 km in  length  and  about 
100 km wide.  These  sediments  were eroded  and  subsequently 
deposited by an old river system, much like the modern Indus river, 
for that whole time period.  The start of Indus molasse sedimentation 
in  the middle Eocene thus  also  reflects  the  early creation of the 
Himalayan orogenic highlands.  This scenario supports the presence 
of a fluvial system that drained these early orogenic highlands.  Part 
of the  fluvial  sediments were deposited  as  the  early Himalayan 
molasse  on  the  subcontinent.  Paleocurrent  indicators  in  these 
sediments show that  this  fluvial system flowed from east  to  west, 
parallel to the basin axis (Searle,  1990).  However, the final oceanic 
depositional site for the rest of these Paleogene Himalayan sediments 
previously has been unknown. 200 
Modern Indus  River-Delta-Fan  System 
The Indus River-delta-submarine fan system (Fig.  6.1) of the 
western  Indo-Pakistan  subcontinent,  is  the  second  largest 
depositional  system  in  the  world (McHargue and Webb,  1986). 
However, it has not been fully investigated yet.  The modern Indus 
River drains the western part of the Higher Himalaya, and ultimately 
deposits its  sediments into the western part of the Indian Ocean as 
the Indus delta and submarine fan.  The Indus River is  2900 km 
long (Coumes & Kolla, 1984) and its average water discharge reaches 
30,000 m3/sec in summer, nearly twice that of the Mississippi River 
(Milliman,  et  al.,  1984).  Snow melt in  the higher Himalaya and 
widespread monsoonal rains contribute most of its  discharge.  The 
annual  suspended sediment  discharge  is  between 395-435 x 103 
metric tonnes, almost equivalent to that of the Mississippi (Wells & 
Coleman, 1984). 
On the east side of the subcontinent, the Brahmaputra River, 
like  the Indus, flows parallel  to  the Indus Suture Zone for about 
1400 km before cross cutting the entire Himalayan range, and then 
joining the Ganges River to  the  south.  The east flowing Ganges, 
however,  exclusively  drains  the  Himalayan  Foredeep  region. 
Together they form the Ganges-Brahmaputra delta that axially feeds 
the world's largest submarine fan,  the Bengal fan (Bouma et  al., 
1985). 
The Indus  delta  plain  is  slightly  larger  than  that  of  the 
Mississippi.  It  covers  29,500 km2 in the shape of a broad fan. 
(Wells & Coleman, 1984).  The earliest geological record of the Indus 
delta is early Miocene (Kazmi, 1984).  The Indus delta axially feeds 201 
the Indus submarine fan (Islam,  1959), second largest deep-sea fan 
in  the world after the Bengal fan.  The Indus fan  is  1500 km in 
length and its maximum width is 960 km.  The average thickness of 
the sediments in the upper Indus fan is more than 11 km, based on 
5.5 seconds of two-way travel time (Coumes & Kolla, 1984). 
A recent summary of Cenozoic sedimentation  in  the  Indian 
Ocean (Davies, et  al.,  1995) has synthesized the available data from 
all Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) 
sites.  This is the most comprehensive study available, and uses over 
one hundred irregularly  distributed  drilling  sites.  However, only 
couple of these wells, located on the their margins, have drilled the 
entire thickness of the Indus or Bengal fan (Fig. 6.1).  Davies, et  al., 
(1995) concluded that  the Indus fan  turbidite sedimentation started 
in  very  late  Oligocene-early  Miocene,  and  it  was  the  major 
depocenter of the Himalayan terrigenous sediments until the end of 
the middle Miocene.  At this time the Bengal fan took over as the 
main locus of marine Himalayan sedimentation.  Furthermore,  the 
sediment accumulation rates  in  the  Indian Ocean were generally 
very low for  the  entire  Paleogene.  Thus,  the Paleogene marine 
(delta-fan) sediments that are age equivalent to the early Himalayan 
molasse did not reach to the modern Indian ocean, and are preserved 
elsewhere. 
Katawaz Basin 
The Katawaz Basin is located northwest of the Sulaiman Range 
in  Pakistan and adjacent Afghanistan  (Fig.  6.2).  This northeast-
southwest trending basin  is more than 700 km in axial length and 202 
has a maximum width of about 200 km.  It  is connected by a narrow 
outcrop band along the southern Chaman fault with the Ras Koh and 
northern Makran Range portion of the Khojak flysch complex.  The 
Katawaz Basin structures  are mostly transpressional on  its  western 
edge  and  deformation  style  gradually  changes  to  compressional 
towards the east.  A major left-lateral  strike  slip  fault,  the Chaman 
fault, separates it from the Afghan Block (Lawrence and Yeats, 1979; 
Lawrence  et  al.,  1981;  Treloar and  Izatt,  1993).  Most of  the 
transform motion between Eurasia and Indo-Pakistan subcontinent is 
accommodated  along  this  860 km long  fault.  Approximately 
460 ±10 km of total displacement has been suggested (Lawrence et 
al.,  1992) along the middle portion of the Chaman fault.  On the 
eastern margin of the basin, the Zhob thrust emplaces the Katawaz 
sequence on top of ophiolitic melange and accretionary prism strata 
(Fig. 6.2). 
The Katawaz sequence is composed of, from older to younger, 
the Nisai, Khojak and Bostan Formations (Fig. 6.3), and is more than 
8,000 m in thickness.  More than 6,300 m thick,  siliciclastic Khojak 
Formation constitutes the major portion of the Katawaz sequence in 
Pakistan.  Farther north in the Afghanistan, where the whole unit is 
exposed due  to  structural imbrication,  its  total  thickness has been 
estimated to be over 8,000 m.  The Khojak Formation was previously 
interpreted as flysch (Jones,  1961).  However, recent work (Qayyum 
et  al.,  1994 a,  b;  1996 a,  b;  1997)  suggests  that  the  Khojak 
Formation,  in  fact,  represents  a paleo-Indus delta-fan continuum in 
the Katawaz Basin. 20 3
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The Khojak Formation is  subdivided into Murgha Faqirzai and 
Shaigalu members (Jones,  1961;  Iqbal  and Shah,  1980).  In  the 
southwestern part of the Katawaz Basin near Chaman (Lawrence et 
al.,  1981) and Nushki (Bannert et  al.,  1992),  the Murgha Faqirzai 
member represents predominantly  turbiditic  sequence,  characteristic 
of  deep  submarine  fan  sedimentation.  This  turbidite  facies 
represents the Khojak fan in the Katawaz Basin.  In the middle part 
of  the  basin,  at  Murgha  Faqirzai  type  locality,  this  member 
represents  upper  continental  slope  to  prodelta  environment  of 
deposition.  Here, in the lower part of Murgha Faqirzai member, the 
shales  and  rhythmically  bedded  sandstones,  associated  turbidity 
flows and wet-sediment deformation features,  like slump folds, and 
rotational slumps suggest upper continental slope sedimentation.  Its 
upper part is mainly composed of faintly laminated shales that were 
deposited in the prodelta environment of the Katawaz delta.  Similar 
submarine fan turbidite facies (Platt et  al.,  1985; Platt and Leggett, 
1986; Critelli  et  al.,  1990) extend farther south to the Makran area, 
where it has been named the Panjgur Formation (Jones, 1961).  Iqbal 
and Shah (1980) included Panjgur Formation as part of the Khojak 
Formation.  Therefore, we also consider it  a southern continuation of 
the Murgha Faqirzai member. 
In  northeastern  part  of  the  Katawaz  Basin,  the  overlying 
sandstone rich  Shaigalu member is  more than 4000 m thick near 
Manzaki.  Its  lower  part  is  composed of numerous thickening-
upward parasequences  composed  of  basal  laminated  shales  and 
siltstones capped by  flat  to hummocky bedded sandstones.  These 
shoaling-up parasequences were formed as  distributary mouth bars 205 
prograded  into  shallow-marine,  wave  dominated,  delta  front 
environments.  The middle part of the Shaigalu contains numerous 
fining-upward sequences.  Basal trough  to planar cross-bedded and 
ripple-laminated  sandstones  grade  into  bioturbated  oyster  bearing 
siltstones  and  shales.  These sequences were formed by  lateral 
shifting  or  abandonment and  subsidence  of  smaller  distributary 
channels  in  interdistributary  bays  of  the  lower  delta  plain. 
Collectively these facies represent the subaquous part of the Katawaz 
delta.  The Shaigalu member in  its upper part consists of thick to 
very  thick  sandstones scoured into  root bioturbated sequences of 
multicolored mudstones.  These mudstones and siltstones  also have 
numerous paleosols horizons, vertebrate remains, and rare coal beds. 
The large-scale planar to trough cross bedded sandstones dominantly 
show south to southwest paleoflow directions.  This uppermost part 
of the Shaigalu member was formed in meandering fluvial channel to 
floodplain environments of an upper delta plain of the Katawaz delta. 
The dominant paleocurrent directions in  the Khojak Formation 
as indicated by large scale planar and trough cross-bedding, ripple 
lamination and the  flute marks are southeast,  south and southwest. 
These south-directed paleocurrents imply that the Khojak sediments 
were derived from the early Himalayan Orogenic Highlands to  the 
north.  Furthermore, these paleocurrents also  suggest that Katawaz 
delta axially fed the Khojak submarine fan in the Katawaz remnant 
ocean (Qayyum et al.,  1996b). 
The  Khojak  Formation  is  a  time-transgressive  unit,  and 
becomes successively younger to the south (Fig. 6.3).  Studies in the 
northernmost part of the Katawaz Basin in Afghanistan (Cassaigneau, 206 
1979; Tapponnier et  al.,  1981) found that this unit is  late Paleocene 
to Miocene in age.  Here, the whole unit is exposed due to structural 
imbrication.  In the northern and central part of the Katawaz Basin in 
Pakistan,  however,  only upper part  of  the Murgha Faqirzai  and 
Shaigalu are exposed as the upper decollement lies in the upper part 
of the Murgha Faqirzai member.  On the basis of fossil assemblages in 
Pakistan, the Khojak Formation has been interpreted  to be of early 
Eocene to early Miocene in age (Jones, 1961, Iqbal and Shah, 1980). 
Furthermore, gastropods and pelecypods, notably different genera of 
Cerithium, Terebellum, Ostrea, Protoma, and Turritella,  fossils 
recently collected from the lower and middle Shaigalu member are 
also of Oligocene age (T. DeVries, 1994, personal commun.).  Farther 
south in  the Makran area,  the Panjgur Formation is  early  to early 
middle Miocene in age (Platt et al.,  1985; Platt and Leggett, 1986). 
The Khojak Formation is then unconformably overlain by syn­
to post orogenic growth strata,  the Bostan Formation.  The Bostan 
Formation  is  mainly composed of intra-basinal fanglomerates, and 
subordinate  thin-bedded,  fluvial  sandstones  and  interbedded 
maroon, terrestrial shales.  It  is considered to be Pleistocene in age 
(Jones,  1961;  Iqbal and Shah,  1980).  No fossils have yet been 
reported, and its  age has been assigned on the basis of structural 
position and lithological correlations. 
Structurally,  the Khojak Formation has been folded into long, 
northeast-southwest  trending,  southeast  verging,  imbricated  fault 
bend folds (Qayyum et al.,  1994b) that are consistent with the thrust 
wedge systematically  translating  to  the  southeast.  Typical  dips 
recorded on their limbs are from 80° to 50°.  These imbricated fault 207 
bend folds of Khojak strata have been truncated and offset by the 
Chaman Fault (Lawrence et  al.,  1981, 1992) in the western part of 
the Katawaz Basin. 
Structural style of the Katawaz Basin suggests that the Khojak 
sequence has been tectonically thickened due to imbrication within 
the  sedimentary  wedge  at  different  stratigraphic  levels  to 
accommodate  the  crustal  shortening  that  resulted  from  the 
northward  advancement  of  the  subcontinent.  The  enormous 
thickness of the thrust wedge implies that the top of the basement is 
very deep under the Katawaz Basin,  as  the maximum topographic 
relief in the basin is only about 1800 m.  Further indirect evidence 
comes from the Sulaiman Range, southeast of Katawaz Basin (Fig. 
6.2).  In the Sulaiman Range, basement is  at least 10 km deep at the 
mountain front, and a dip of about 2.5° to the NNW is indicated by 
seismic  reflection  data (Jadoon  et  al.,  1992).  The Indo-Pakistan 
platform sequence in the Sulaiman Range thickens tectonically as the 
basement deepens towards the hinterland.  This thick passive margin 
sequence  was  interpreted  to  be  isostatically  compensated by  a 
transitional crust under the Sulaiman Range (Jadoon and Khurshid, 
1996).  Projection of this basement dip  farther  to  the northwest 
would imply more than 20-25 km of sedimentary rocks under the 
Katawaz Basin.  This unusually  thick  pile  of rocks  isostatically 
requires a thin (transitional to oceanic) crust underneath the Katawaz 
Basin. 208 
DISCUSSION 
Katawaz Remnant Ocean as Main Depocenter of the early 
Himalayan  Sediments 
Molasse,  delta  and  submarine  fan  are  the  three 
contemporaneous  depositional  settings  in  which most  siliciclastic 
sedimentation in the world takes place.  These thick and widespread 
siliciclastic sequences are derived from the orogenic highlands.  The 
collision  of  Indo-Pakistan  subcontinent  with  Asia  led  to  the 
development of early Himalayan orogenic highlands between 66 and 
55 Ma (Beck,  et  al.,  1995; Klootwijk et  al.,  1992).  40Ari3 9A r 
metamorphic ages, and fission  track data suggest  that  significant 
orogenic deformation occurred in  the Himalaya during the Eocene. 
This deformation not only initiated the systematic unroofing of the 
early Himalayan orogenic highlands  but  also produced abundant 
siliciclastic sediments.  These sediments are preserved as the Indus 
molasse along the Indus suture zone, and the Murree molasse in the 
Himalayan foredeep region.  The Indus molasse ranges in age from 
middle Eocene to late Miocene (Searle, 1990).  Age of the Murree and 
Siwalik molasses range from late Paleocene to  Pleistocene (Bossart 
and Ottiger, 1989; Iqbal and Shah, 1980).  Thus two molasse basins 
existed during the early history of the Himalaya.  The one in  the 
north developed around middle Eocene and the one in  the  south 
developed little  earlier around late Paleocene.  The Murree and its 
equivalent units are exposed along the entire length of the Himalaya. 
However, its age varies at places depending on the thickness of the 
section exposed due to  structural imbrication.  It  is  probable that 209 
Eocene molasse was  deposited  along  the  entire  length  of  the 
Himalayan foredeep, however, most of  it  is now buried under the 
thrust  wedge.  Structural  re-entrants  like  the  Hazara-Kashmir 
Syntaxis are  the only places where the  older part of the Murree 
molasse sequence is now exposed. 
In  middle  Eocene  time,  the  northeast-southwest  trending 
Katawaz Basin was a remnant ocean (Qayyum et  al.,  1996a,  b) 
between the  subcontinent and the Afghanistan block that persisted 
after collision had created the early Himalaya to the northeast (Fig. 
6.4A).  This remnant ocean was the western extension of the Neo-
Tethys  that  previously  existed  between  the  Indo-Pakistan 
subcontinent and Africa  to  the  south,  and Eurasia  to  the  north. 
Northward movement of the  Indo-Pakistan subcontinent closed the 
Neo-Tethys, along the Himalaya with complete suturing by 49 Ma 
(Beck, et al.,  1995).  The Arabian Plate at that time was attached with 
the African Plate.  The subcontinent was moving at  a rate of 4­
6 cm/yr (Powell,  1979) a  little  faster than the African Plate.  This 
differential movement requires  a transform boundary, much like the 
present Owens Fracture Zone, in the Indian Ocean.  For this reason, 
we have extended the present Owens Fracture Zone farther  to  the 
north and terminated  it  against  the northward subduction zone in 
our middle Eocene reconstruction  (Fig  6.4A).  For  the  sake  of 
simplicity, we have shown Cimmeria (Sengor,  1984)  as one mass 
much  like  in  its  present  form,  although  substantial  strike-slip 
movement and collision have occurred between them. 
The  subduction  related  volcanism  and  plutonism  in  the 
Kohistan andesi tic  arc ceased by the end of middle Eocene (e.g., 210 
FIG. 6.4: Schematic diagram showing the paleogeographic setting of 
the  Indo-Pakistan  subcontinent,  Arabian  Plate,  Cimmerian 
Blocks and Eurasia at the middle Eocene (A) and late Eocene-
early Oligocene (B ).  We have shown Cimmeria in its present 
position  for  the  sake  of simplicity although block rotations, 
strike-slip  movements  and  indentation  are  known  to  have 
occurred much later,  at different geological intervals. 1  2 1 
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Petterson and Wind ley, 1985; Zeit ler,  1985; Treloar et  al.,  1989) and 
it was subsequently deformed.  Volcanism, however, continued in the 
Chagai Arc across the proto Owens Fracture Zone.  The Chagai Arc 
was formed due to northward subduction of the Afro-Arabian plate 
under the Afghan and Lut Blocks.  In  the Chagai area the main 
volcanism  is  late  Cretaceous  or  older  (Iqbal  and  Shah,  1980). 
Sporadic volcanism continued through most of the  Paleocene and 
Eocene.  However,  the  younger igneous  activity  in  this  area  is 
documented by the 20 Ma old Shor Koh (Arthurton et  al.,  1982). 
This  further  strengthens  the  possibility  of a transform  fault zone 
between these two plates independently moving north  at  different 
rates. 
Development of the early Himalayan orogenic highlands during 
the northward advancement of the  subcontinent, heralded the  birth 
of two axial fluvial systems (Fig. 6.4A) as previously discussed.  The 
fluvial  system in  the  north drained the  Indus intermontane basin, 
extending  along  the  entire  2,000 km length  of  the  Indus  Suture 
Zone.  It was flowing from east to west along the Indus Tsangpo 
Suture Zone much like the modern Indus River.  The marginal fluvial 
system was mainly  draining  the  Himalayan foredeep  region,  the 
Murree molasse basin, formed due to  the flexural bending of the 
Indo-Pakistan subcontinent.  We infer  that  this  river flowed from 
east to west as mirror image of the modern Ganges.  This geography 
is  a Paleogene analog of the modern Brahmaputra and Ganges Rivers 
on  the  west  flank  of Indo-Pakistan  subcontinent.  More work, 
however, is needed to document the transformation of little  studied, 
older  Murree Molasse  basin  into  well  known, younger  Siwalik 213 
Molasse basin.  The newly established early fluvial network started 
eroding  the  early Himalayan orogenic  highlands,  and transporting 
Himalayan terrigenous  sediments  to  the  nearby Katawaz remnant 
ocean (Fig. 6.4A) to the west.  A part of these sediments began to 
deposit on the subcontinent as Indus and older Murree molasse.  The 
rest  of  these  sediments  (early  Khojak)  were  transported  to  the 
Katawaz remnant ocean, where they  started  to  accumulate as  the 
Katawaz delta and Khojak submarine fan complex (Qayyum et  al., 
1996a).  The Katawaz remnant ocean was fully established  as  the 
main depocenter of the  "missing" Himalayan siliciclastic  sediments 
during early to middle Eocene.  Note that the Neo-Tethys north of the 
subcontinent had almost closed by this time (Klootwijk et  al.,  1992; 
Beck et al., 1995). 
Distribution  of  the  dominant  fluvial,  deltaic  and  turbidite 
lithofacies of the Khojak Formation from northeast to southwest, and 
their  south-southwest paleoflow directions  suggest  that  the  source 
area was located in  the north-northeast of the Katawaz Basin and 
northern Makran.  The more than 8000 m thick Khojak siliciclastic 
sequence  requires  a  substantial  drainage  area.  Active  orogenic 
terrains  are  capable of shedding the needed enormous amount of 
siliciclastic  sediments.  The Himalayan orogenic belt was actively 
deroofed during the Paleogene (Garzanti et  al.,  1996; Qayyum et  al., 
1994a,  1996a,  b,  1997) when these sediments were being eroded, 
transported and subsequently  deposited.  There was, however, no 
other tectonically  active  terrain  available  in  the region  that could 
have served as major source area for these sediments during very 
late Paleocene to early Miocene. 2 1 4 
Around late Eocene to early Oligocene, the Katawaz delta and 
Khojak fan had fully developed as the main marine depocenter of the 
Himalayan terrigenous sediments (Fig.  6.4B).  Continued northward 
drift  of  Indo-Pakistan  subcontinent caused  further  uplift  of  the 
Himalaya Orogenic  highlands,  and  as  a  result  an even  greater 
quantity of sediments was eroded.  This increase in the supply of the 
terrigenous  sediments probably caused further progradation  of the 
Katawaz delta lithofacies over its own prodelta slope and the Khojak 
fan, as the northeastern end of the basin started to  fill.  This slope 
facilitated  the  gradual southwestward progradation of the Katawaz 
delta and the Khojak submarine fan farther into the basin.  The south 
and  southwestward  paleocurrents,  as  recorded  in  the  overlying 
Shaigalu member, also  indicate  that  the Katawaz deltaic complex 
axially fed the Khojak submarine fan now exposed farther southwest 
in the basin. 
The Katawaz remnant ocean remained the main depocenter of 
the Himalayan sediments at the end of Oligocene.  The Katawaz delta 
and Khojak fan had fully  developed.  The Khojak fan probably 
started to subduct along the Chagai subduction zone by the end of 
Oligocene.  The tectonic scenario at that time was probably analogus 
to the Nicobar lobe of the modern Bengal fan, which is now tilted and 
being  subducted  along  the  IndoBurman-Sumatra  subduction  zone 
(Curray and Moore, 1971; Curray, 1974). 
Pa leo-Indus Diversion and Katawaz Remnant Ocean Closure 
Around the early Miocene (Fig. 6.5A), a dramatic event in the 
geomorphic history of the western end of the Himalaya occurred. 2 1 5
 
FIG. 6.5: Schematic diagram showing the paleogeographic setting of 
the  Indo-Pakistan  subcontinent,  Arabian  Plate,  Cimmerian 
Blocks and Eurasia during the late Oligocene-early Miocene (A), 
and middle-to-late Miocene (B).  Note the southward diversion 
of  the  paleo-Indus  River  that  heralded  the  deltaic  and 
submarine fan sedimentation in the modern Indian Ocean. 2 1 6
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This  was  the  abrupt southward  diversion  of  the  fluvial  system 
between 21-19 Ma.  The main drainage system feeding the Katawaz 
delta was diverted from southwest to south.  The Katawaz Basin was 
bypassed and the present course of the lower Indus was established. 
This change in the configuration of the fluvial system resulted from 
the rapid uplift of the Baluchistan Ranges from north of the Khyber 
Pass southwards during continuing Himalayan suturing.  Through the 
early  part of the Tertiary deformation and uplift,  adjacent  to  the 
northeast corner of the Katawaz Basin, was slow enough that  the 
ancestral upper Indus River could maintain a valley across this area. 
Then the area from Waziristan to north of Kabul experienced acute 
transpression  and  major  uplift  that  the  river  could  not  erode 
through.  An eastern path down the current Indus Valley would have 
had a major erosional advantage and probably captured the  older 
Indus by stream piracy.  Prior to this the old lower Indus River was 
probably a minor, possibly intermittent desert stream carrying very 
little sediment to the Indian Ocean (Fig. 6.4B).  This change in the 
fluvial  network  heralded  the  birth  of modern  Indus  delta-fan 
complex  as  the  Arabian  sea  subsequently  became  the  main 
depocenter  of  the  Himalayan  siliciclastic  sediments  around  21­
19 Ma.  This situation persisted till middle Miocene when the Bengal 
fan became the major sediment depocenter (Davies et  al.,  1995). 
Another equally important question regarding  the Himalayan 
fluvial history  is; where are the missing Katawaz equivalent marine 
strata  in  the  northeastern  part  of the  Indo-Pakistan  subcontinent. 
Turbidite sedimentation in the Bengal fan started much later than  it 
did  in  the  Indus  fan  as  previously mentioned.  There  are  three 2 1 8
 
possible scenarios for this.  First, these sediments could be buried in 
the Bengal basin, and have not yet been detected.  Second, these 
sediments  could  be  present under  the  northernmost  part  of  the 
modern Bengal fan, and still remain undiscovered.  The west flowing 
paleocurrents in the older Indus molasse (Searle et  al.,  1990) and the 
published work on the modern Indian Ocean (e.g., Rea, 1992; Davies 
et  al.,  1995) do not support either of these hypotheses.  Third, 
perhaps only minor eastward drainage existed, and most of the older 
Himalayan sediments were  transported  to  the  west,  first  to  the 
Katawaz remnant ocean and  later  to  the  Indus  delta-fan  in  the 
modern Indian ocean.  We speculate that the early fluvial network of 
the Himalaya mainly drained to the west with a drainage divide for 
both the intermontane and foredeep rivers  well  to  the  east.  This 
drainage  divide  migrated  westward  over  time,  and  the  Ganges 
Brahmaputra system grew  at  the  expense  of  the  Indus.  This 
westward migration of the drainage divide could have been driven 
by the counter clockwise rotation of the Indo-Pakistan subcontinent 
(Powell,  1979). 
Early Miocene time  is  also  important  to  the  deformational 
history of the Katawaz Basin.  The timing of the  closure of the 
Katawaz remnant ocean  is  constrained by the youngest age of the 
Khojak Formation and displacement on the Chaman Fault.  The 
uppermost Shaigalu of early Miocene age is  the youngest unit of the 
intact Khojak formation exposed on the limbs of the imbricated fault-
bend  anticlines.  Our  field  studies  have  found  no  major 
unconformities within the Khojak Formation.  This implies that the 
deformation of the Khojak Formation started near the end of early 2 1 9
 
Miocene,  soon  after  the  deposition  of  the  uppermost  Shaigalu 
member.  The truncation and offset of the Khojak imbricated fault 
bend folds by the Chaman Fault,  suggests  that  the transpressional 
movement on the Chaman fault postdates  the main compressional 
deformation during closure of the Katawaz Basin.  The Chaman fault 
probably  started  as  a  shear  zone  in  the  inactive  part  of  the 
Kandahar/Kohistan arc  and Katawaz Basin, between the advancing 
edge of the subcontinent and the Afghan Block due to their oblique 
collision (Fig. 6.5A),  .  Later, a left lateral offset of the suture, and the 
Kandahar/Kohistan  arc  developed marking  the  beginning  of  the 
Chaman Fault.  A total 460±10 km of left lateral displacement on the 
Chaman  fault  also  provides  constraints  for  the  timing  of  this 
compressional  event.  Substantial  geologic  time  is  required  to 
accommodate this much displacement.  Limited data on the slip rates 
of the Chaman fault  are available.  The average displacement rate 
since  the  beginning  of the  Quaternary  is  suggested  to  be  2.5­
3.5 cm/yr  (Beun  et  al.,  1979).  If  these  rates  have  persisted 
throughout motion on the Chaman fault,  the displacement  started 
between 13-18 Ma.  A 3 cm/yr average slip  rate places the  initial 
movement on the Chaman Fault nearly 15 Ma ago, and the Katawaz 
Basin closed around the  start of middle Miocene (Fig.  6.5B).  The 
oblique collision of the sub-continent and the Afghan Block suggests 
that the closure of the Katawaz Basin occurred in a scissors motion. 
In  the Makran area,  the  transition from the  tightly  folded, 
turbiditic  Panjgur  Formation  to  overlying  open  folded  middle 
Miocene to Pliocene, shelfal to slope facies provide another constraint 
for the timing of the closure of the Katawaz remnant ocean.  Critelli 220 
et  al.,  (1990) found that  the  detritus modes for  the  Panjgur and 
overlying  units  were  quite  different.  They suggested  that  the 
Panjgur sandstones were derived from the Himalaya, whereas post 
Panjgur detritus was locally derived from the Panjgur-type turbidite 
strata.  We interpret this change in the lithofacies and detrital mode 
is related to the closure of the Katawaz remnant ocean. 
The Chaman Fault accommodated most of the  oblique  slip 
between the western passive margin of Indo-Pakistan subcontinent 
and the Afghan block.  Our proposed tectonic model of the closure of 
the  Katawaz Basin  is  a  mirror image  analog  of  the  Ganges-
Brahmaputra delta and Bengal submarine fan system on the  east 
flank of the subcontinent today (Qayyum et  al.,  1994a).  This delta-
fan system  is  confined between the eastern passive margin of the 
Indo-Pakistan  subcontinent  and  IndoBurman-Sumatra  subduction 
zone,  in  the west.  The deformed sediments of Nicobar lobe,  an 
eastern extension of the Bengal fan,  are being subducted along the 
Java Trench (Curray and Moore, 1971; Curray 1974).  It  is important 
to  note that there  is no arc within and immediately south of the 
Indo-Burmian  Ranges,  where  the  subduction  is  highly  oblique. 
However, the Sumatra arc  is present farther to the south, where the 
dominant deformation  is  compressional. 
Later  Events 
The main depocenter of Himalayan sediments  in  the  Indian 
Ocean shifted from the Indus fan to the Bengal fan at around 12 Ma 
(Davies, et  al.,  1995), when the terrigenous sediment flux increased 
five-fold  with two  distinct  flux maxima  at  6-9 Ma and 2-4 Ma, 2 2 1 
respectively (Rea,  1992).  The terrigenous input to  the Indus fan 
gradually decreased and became subordinate to the Bengal fan.  The 
most important event on the  land during  this  time was the  final 
deformation of the accreted Katawaz delta and Khojak fan, including 
subduction of part of the Khojak fan under the Chagai Arc (Fig. 6.5B). 
This was probably complete by the end of Miocene, well after the 
Katawaz  thrust wedge had attained  critical  taper,  was internally 
imbricated, and had moved to  the  southeast.  Long northeast  to 
southwest trending, imbricated fault bend folds and associated thrust 
faults developed.  The Zhob Thrust emplaced the Katawaz sequence 
on top of Muslimbagh melange and ophiolites.  This was followed or 
accompanied by the hanging wall imbrication of the frontal part of 
the thrust wedge through a series of emergent thrusts.  These thrusts 
built the topography along the eastern margin of the basin.  Pliocene-
Pleistocene  erosion  exposed  the  older  units  like  Eocene  Nisai 
Limestone that subsequently became the source area for many of the 
Bostan clasts. 
The  Bostan  Formation  was  deposited,  with  an  angular 
unconformity, on top of the Shaigalu member during the final stages 
of deformation and uplift of the Katawaz Basin.  Bostan clasts  are 
mainly composed of poorly rounded sandstone, limestone and mafic 
rocks.  The thickness and grain  size  decreases from the  eastern 
margin towards the  interior of the  basin (Jones,  1960;  Iqbal and 
Shah, 1980).  Field and Landsat studies (Qayyum et al.,  1994b,) show 
that  Nisai Limestone and Muslimbagh ophiolites  are only exposed 
along the  eastern margin, whereas Khojak sandstones  are exposed 
throughout the basin.  The intrabasinal nature of the Bostan clasts, 222 
ophiolite  and limestone exposures  along  the  eastern  margin,  and 
westward decrease  in  the thickness and the  size  of clasts  in  the 
Bostan  suggests  that  these were locally  derived from the  eastern 
margin  of  the  Katawaz Basin,  where  the  older  units  like  Nisai 
Limestone and Muslimbagh ophiolites are exposed.  This implies that 
the Bostan Formation was deposited  late when the  thrust wedge 
raised  topography  along  to  the  eastern  edge  of  the  basin,  and 
exposed the older rocks.  Furthermore, the dip of the Bostan beds 
also varies (Jones,  1961).  They are steeply  tilted near the eastern 
margin of the basin, and become almost horizontal elsewhere, away 
from the thrust front.  This implies that  slip along the thrust front 
mainly controls the deformation of the Bostan.  In  this  sense, we 
suggest  that  the upper limit of the timing of the closure of the 
Katawaz  Basin  cannot  be  constrained  by  the  unconformably 
overlying  Bostan beds, as suggested by the Treloar and Izatt (1993). 
It  is, however, conceivable that the Bostan Formation could be little 
older in  the northern part of the basin, and systematically become 
younger to the south due to southward migration of the deformation 
front  resulted from the  oblique  closure  of the Katawaz remnant 
ocean.  Therefore,  the  Bostan  Formation  postdates  the  major 
deformation in the Katawaz Basin, implying that the Katawaz Basin 
had already been closed and uplifted well before late Pliocene-early 
Pleistocene.  However,  angular  unconformity  between deformed 
Bostan  strata  and  nearly  horizontal  subrecent  alluvial  deposits 
suggests  that  minor deformation  continued  through most of  the 
Pleistocene and still  continues, as suggested by the recent movement 223 
along the Chaman Fault (Lawrence et  al.,  1992) and the observed 
neotectonic features along the eastern margin of the Katawaz Basin. 
This accretion of the Katawaz delta and Khojak fan probably 
clogged the older subduction zone south of Chagai Arc.  As a result 
the present Makran subduction zone developed farther to  the south 
in the Indian Ocean (Fig. 6.5B).  This new subduction overprinted the 
older  tectonic  features  and  subsequently  gave  birth  to  a  new 
Pleistocene  volcanic  arc  complex  (Fig.  6.1)  that  postdates  the 
previous tectonic deformation in that region.  The Makran subduction 
zone joins the Main Zagros Thrust in the west through a right lateral 
Minab fault.  In the east it joins the left lateral Ornach-Nal fault.  The 
Ornach-Nal fault was formed during this  time, and now acts  as  a 
lateral ramp to accommodate the southward motion of the Makran 
sedimentary wedge and the net  slip of Arabian and Indian plates. 
The  Ornach-Nal  fault  was  earlier  interpreted  as  the  southern 
extension of the Chaman fault  (e.g.,  Lawrence and Yeats,  1979; 
Tapponnier, et  al.,  1981; Treloar and Izatt,  1993).  However, on the 
basis of total displacement, associated neotectonic features and types 
of rock exposed on either sides of these faults, Lawrence et al. (1992) 
also interpreted  these  as two separate  faults  with same sense  of 
movement. 
The tectonic interpretation of these events is limited due to the 
lack of precise age information on these time-transgressive  units. 
There is  a great need for systematic bio- and magnetostratigraphic 
work in this significant but remotely located basin.  Such work will 
not only help in defining the age boundaries of different rock units 
more precisely but also better constraining the deformational history 224 
of the basin.  Katawaz Basin is perhaps the best preserved and most 
beautifully exposed remnant basin  in  the  world where the  early 
record of collisional orogeny  is  well preserved  in  the form of a 
molasse/delta/flysch  continuum. 
CONCLUSIONS 
The molasse,  delta,  and submarine fan deposition  associated 
with the Himalayan orogeny are not only related in time but also in 
space (Fig. 6.6).  The Himalayan siliciclastic sediments, regardless of 
their mode of deposition on a continent or in an ocean, contain a 
complete and independent record of an orogeny.  A part of the early 
siliciclastic  sediments eroded from Himalayan orogenic  highlands 
deposited as the Indus and Murree molasse during the Paleogene on 
Indo-Pakistan subcontinent in two different molasse basins.  The rest 
of these sediments were deposited as the Katawaz delta and Khojak 
submarine fan in the Katawaz remnant ocean.  This situation lasted 
until the end of the Paleogene.  In the  start of early Miocene, the 
Paleo-Indus  fluvial  system transporting  sediments  to  the Katawaz 
remnant ocean was abruptly diverted to the south, and heralded the 
birth of modern Indus delta-fan complex in the Indian Ocean.  The 
Katawaz remnant ocean closed by the end of early Miocene in  a 
scissors  fashion,  soon  after  the  deposition  of uppermost Khojak 
strata.  The Katawaz delta and Khojak submarine fan were folded, 
thrust-faulted,  and  incorporated  within  the  Indo-Pakistan 
subcontinent.  This delta-fan complex is now exposed in the Katawaz 
Basin as  the imbricated fault bend folded Khojak Formation.  The 
proposed  plate  tectonic  model  mirrors  the  current  Ganges­225 
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sedimentation  in  the  modern  Indian  Ocean  and  Katawaz 
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Brahmaputra delta and Bengal submarine fan complex on the  east 
flank  of  the  subcontinent  that  is  being  subducted  along  the 
IndoBurman-Sumatra subduction  zone. 
The  Paleogene  Katawaz  delta  and  Khojak  submarine  fan 
sediments are  the early Himalayan marine sediments, equivalent to 
known Paleogene molasse,  that  are missing  in  the modern Indian 
ocean.  The delta-fan sequence  is now exposed as  the  siliciclastic 
Khojak Formation in  the Katawaz Basin and Makran area.  This 
implies  that  the  Paleogene marine Himalayan orogenic record  is 
preserved in the Katawaz Basin, and Neogene record is  lying in the 
modern Indian Ocean as  the Indus and Ganges/Brahmaputra-Bengal 
delta-fan complexes.  Both marine records complement each other, 
and are equivalent to  the Himalayan molasse sequence exposed on 
the Indo-Pakistan subcontinent.  Thus, the Indus and Murree-Siwalik 
molasse,  the  siliciclastic  Khojak  Formation,  and  Indus  and 
Ganges/Brahmaputra-Bengal  delta-fan  complexes  collectively 
complete  the  molasse/delta/flysch  continuum  associated  with  the 
Himalayan Orogeny. 
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ABSTRACT 
Different  tectonic  settings  have  characteristic  detrital modes 
and  sediment  dispersal  patterns.  Detrital  modes and  sediment 
dispersal  patterns  in  the  Katawaz  basin,  Pakistan,  suggest  that 
sandstones  were  derived  from  the  early  Himalayan orogen  and 
longitudinally transported to  the Katawaz remnant ocean where they 
deposited as  a delta-submarine fan complex. 
The predominance of quartz,  sedimentary- and metamorphic 
lithics in the Khojak Formation suggests derivation from a collision 
orogen,  while  scarcity  of  detrital  feldspar  and  volcanic  lithics 
precludes  a  magmatic  arc  source.  Decrease  in  monocrystalline 
quartz, and increase in total lithic percentages from the bottom to the 
top of the Khojak Formation reflect progressive unroofing of the 
early Himalaya.  This unroofing is  a part of known major unroofing 
trend  collectively  depicted by  the  detrital modes of the Murree 
Formation, Siwalik Group and the Indus Fan. 
Different  diagenetic  features  associated  with  compaction, 
alteration and replacement are also observed and suggest a complex 
paragenetic  sequence  of chlorite,  quartz,  and  calcite  cementation 
during progressive  burial  of the Khojak Formation.  Overall  the 
Himalaya Mountains-Katawaz Basin system is  a Paleogene analog of 235 
the  Carboniferous  Appalachian  Mountains-Black  Warrior  Basin-
Ouachita Trough system of the North America. 
INTRODUCTION 
The conjunction of plate tectonics and sandstone composition 
has been a main focus of different basinal studies for the  last two 
decades  (e.g.,  Dickinson and Suczek,  1979;  Ingersoll and Suczek, 
1979;  Zuffa,  1980;  Dickinson,  1985;  Ingersoll  et  al.,  1984). 
Petrographic  studies have interpreted  the  plate  tectonic  settings  of 
different source areas by analyzing the detrital modes of siliciclastic 
strata in a variety of depositional basins (e.g., Dickinson and Valloni, 
1980; Valloni and  Mezzadri, 1984; Ingersoll,  1990; Graham et  al., 
1976; Marsaglia and Ingersoll,  1992; Graham et  al.,  1993).  Source 
areas not only vary in each case but also play a unique role in the 
composition of the  detritus.  The composition of siliciclastic  strata 
primarily  depends on  the  tectonic  settings  of  the  source  areas 
(Dickinson  et  al.,  1983).  However,  relief,  climate,  transporting 
mechanism, depositional environments, and diagenesis  are important 
secondary factors (Dickinson, 1985).  The arrangement of continental 
blocks  and  oceanic  basins  controls  sediment  dispersal  patterns 
(Dickinson, 1988).  Different plate tectonic settings thus have unique 
dispersal patterns.  Longitudinal dispersal pattern,  for example, has 
been suggested for remnant ocean basins (Graham et  al.,  1975).  In 
such  scenarios,  sediments  are  derived from evolving  suture  belts, 
and  longitudinally  dispersed  in  adjacent  closing remnant oceans 
along their axes. 236 
The Himalayan orogenic  belt  has  been  the  main sediment 
source area for the Tertiary Himalayan Molasse on the Indo-Pakistan 
subcontinent  and Neogene delta-submarine  fan complexes  in  the 
modern Indian Ocean.  The modern delta-fan complexes (Indus and 
Ganges-Brahmaputra-Bengal) are located on the west and east flanks 
of the Indian subcontinent, respectively (Fig. 7.1). 
Recent sedimentological (Qayyum et  al.,  1994 a,  b,  1996b) and 
paleotectonic (Qayyum et  al.,  1996a,  1997)  investigations  in  the 
Katawaz  basin,  on  the  western  side  of  the  Indo-Pakistan 
subcontinent, have established  that  the  late  Eocene-early Miocene 
Khojak Formation was deposited as  a delta-submarine fan system in 
the  Katawaz remnant ocean.  Furthermore,  the Katawaz remnant 
ocean was the main depocenter of Himalayan sediments during most 
of the Paleocene, before sediments reached the modern Indian Ocean. 
Therefore,  the Khojak Formation represents  the Paleo-Indus  delta-
submarine fan complex.  These studies also suggested a longitudinal 
sediment dispersal pattern for the Khojak strata,  analogous  to  the 
Himalaya-Bengal model suggested by Graham et  al.  (1975). 
A recent  study by Garzanti  et  al.  (1996)  synthesized how 
changes in  the  detrital modes of Tertiary  sandstones and modern 
sands on the  Indo-Pakistan subcontinent and Indus submarine fan 
sediments relate  to  the Himalayan orogeny.  That study, however, 
included no data from the Katawaz basin, which is  critical for such 
synthesis because the Katawaz basin was the main depocenter for 
Paleogene Himalayan sediments.  Himalayan detritus  did not reach 
the  Indian Ocean  until  the  start  of  the  Miocene, when Indus 
submarine fan sedimentation  started (Davies  et  al.,  1995).  These 237 
FIG. 7.1: Tectonic map of south Asia showing the Himalaya, Katawaz 
basin, modern Indus River-delta-submarine  fan,  and Ganges-
Brahmaputra delta and Bengal submarine Fan.  The Indus River 
drains  the  western  Himalaya  and  deposits  some  of  the 
Himalayan sediments  in  the Himalayan foredeep  area,  while 
the remainder of the detritus  is  deposited as the Indus Delta 
that axially feeds the Indus submarine fan in the Indian Ocean. 
ONF represents the left lateral Ornach-Nal Fault.  The rectangle 
outlines the area shown in Figure 7.2. 238
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interpretations  demonstrate  the  critical  nature  of  the  Khojak 
Formation in establishing the time and space relationships of detrital 
modes  originated  from  the  Himalayan  mountains  during  their 
progressive uplift and subsequent deroofing. 
The purpose of  this  paper  is  to document the  composition, 
diagenesis and provenance history of the Khojak Formation, and how 
they relate  to  the paleogeography and paleotectonics of the  early 
Himalayan orogeny.  I compare the Khojak detrital modes with that 
of the Murree Formation (Critelli and Garzanti, 1994), Siwalik Group 
(Critelli  and  Ingersoll,  1994),  and  the  Indus  Fan  (Suczek and 
Ingersoll,  1985),  and explain how the  Khojak detrital modes  fit 
within the overall unroofing trend of the Himalaya in time and space. 
It  is  also suggested that,  like  its counterpart on the eastern side of 
India (Graham et al.,  1975), the Himalaya-Katawaz basin is  a tectonic 
analog of the  Appalachian-Black Warrior-Ouachita System.  This 
interpretation  is  based  on  comparison  of  petrographic  results, 
sediment dispersal patterns, and overall plate tectonic  setting. 
SEDIMENTOLOGY AND TECTONIC SETTING OF THE KATAWAZ 
BASIN 
The widespread,  highly folded and  thrust  faulted Paleogene 
Khojak Formation forms much of the northeast-southwest trending 
Katawaz basin and northern Makran area in western Pakistan (Fig. 
7.2).  A late Eocene to early Miocene age has been assigned to this 
thick unit on the basis of its  fossil assemblages in Pakistan (Jones, 
1961).  Older, upper Paleocene Khojak strata  are exposed in  the 
northernmost part of the Katawaz basin in Afghanistan (Cassaigneau, 240 
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FIG. 7.2: Simplified tectonic map of the Katawaz basin and Makran 
area.  The highly deformed Katawaz basin  is bounded by the 
left lateral Chaman Fault in the west and the Zhob Thrust in the 
east.  Sandstones  for  this  petrographic study were collected 
from  Ashewat,  Manzaki, Rud Faqirzai,  Sharankar  Syncline, 
Gardab Manda, Surkatch, and Chaman sections. 241 
1979; Tapponnier  et  al.,  1981).  Thus,  these  ages  suggest  that 
deposition  of  this  time-transgressive  unit  began  in  the  Katawaz 
remnant ocean soon after the formation of early Himalayan orogenic 
highlands.  Field  investigations  show  that  the  upper decollement 
commonly lies within the Khojak Formation, and therefore the older 
units may not be fully exposed in the Pakistan part of the basin. 
The Khojak Formation is more than 6,300 m thick in Pakistan, 
and in  the southwest overlies  the lower- to middle Eocene Nisai 
Formation, which is mainly composed of limestone and subordinate 
shale.  The siliciclastic Khojak unit  is  further subdivided into two 
members: the lower Margha Faqirzai and the upper Shaigalu (Jones, 
1961).  The Margha Faqirzai Member  is  mostly composed of 
rhymically-bedded  turbidities  deposited on  the  upper  continental 
slope (Qayyum et al.,  1994, 1996b).  To the south in the Makran area, 
the  unit  is  dominantly comprised of abyssal plain  turbidite-shale 
facies (Platt et al.,  1985; Critelli et al.,  1990).  These lithofacies are 
interpreted  to represent the Khojak submarine fan.  The overlying 
sandstone-rich Shaigalu Member consists of subaqueous to subaerial 
facies typical of a fluvial-dominated, wave modified delta that axially 
fed the Khojak submarine fan to the southwest (Qayyum et al.,  1994, 
1996b). 
This delta-fan system was deposited in  the Katawaz remnant 
ocean, a southwestern extension of the Neo-Tethys.  The Katawaz 
remnant  ocean  persisted  between  Afghanistan  and  the  western 
margin  of  the  Indo-Pakistan  subcontinent  after  the  northward 
subducting Neo-Tethys had been consumed beneath the Kohistan arc. 
Subsequently,  the  Kohistan Arc  and  Indo-Pakistan  subcontinent 242 
collided with Asia in the north.  As a result, the embryonic Himalaya 
orogenic belt evolved to the northeast of the Katawaz remnant ocean. 
The timing of collision and suturing  differs  slightly,  according to 
various  studies.  Paleomagnetic investigation of the basement and 
overlying sedimentary rocks of the Ninetyeast Ridge by Klootwijk et 
al.  (1992) suggested  that  initial  contact between the  subcontinent 
and Asia was established in the late Cretaceous-early Tertiary, and 
suturing was complete by 55 Ma.  A more recent study, however, 
suggested  that  initial  collision occurred between 66 and 55.5 Ma, 
and suturing was complete by 49 Ma (Beck et al.,  1995). 
The Katawaz remnant ocean was closed by the end of the early 
Miocene, soon after deposition of the upper part of Shaigalu Member 
(Chapter 6).  As a result, the Khojak submarine fan and the Katawaz 
delta were incorporated within  the Indo-Pakistan subcontinent, and 
the Katawaz basin accreted to the subcontinent.  The Katawaz basin is 
now bounded by the major transpressional Chaman fault to the west 
and the Zhob Thrust to the east (Fig.  7.2).  This thrust brings the 
highly deformed Katawaz basin sequence on top  of Muslimbagh 
ophiolites and associated accretionary prism mélanges. 
SANDSTONE PETROGRAPHY OF THE KHOJAK FORMATION 
A petrographic study was conducted on forty-three sandstone 
samples collected from different parts of the Katawaz basin, Pakistan 
(Fig.  7.2).  Eighteen samples were selected from the more than 
4,000 m thick Manzaki measured section and eight samples from 
each of the 2,300 and 1,150 m sections measured at Rud Faqirzai 
and Gardab Manda, respectively (Appendix A).  The Rud Faqirzai and 243 
Manzaki measured  sections  together  represent  a  nearly  complete 
stratigraphic section of the Khojak Formation in the Katawaz basin, 
Pakistan.  The remaining nine samples are from the Chaman  (3), 
Surkatch (2), Ashewat (2), and Sharankar Syncline (2), locations.  The 
scattered  locations  along  with  the  two measured  sections  were 
helpful to determine the lateral and vertical extent of detrital modes 
of the Khojak sandstones (Fig. 7.3). 
For high consistency and accuracy, 500 points were counted 
following the methods developed by Dickinson and Suczek (1979), 
Zuffa (1980), and Ingersoll et  al. (1984).  A grid spacing larger than 
the maximum framework grain size was used.  In all cases, when the 
microscope cross-hair encountered matrix or pore space, these points 
were not counted.  In rare cases when the cross-hair landed on the 
same grain twice, only one point was counted.  An attempt was also 
made to recognize those mineral grains and/or lithic fragments that 
were extensively diagenetically altered.  Recognition of such altered 
mineral  grains/lithics  is  critical  in  provenance  studies  because 
diagenetic processes can alter the depositional composition of sands 
(McBride, 1985).  Whenever, it was possible to identify the original 
composition of diagenetically altered or replaced lithics/grains, these 
were counted as primary grains. 
All the thin-sections were impregnated with blue epoxy, and a 
majority  were  stained  with  a  combination  of  Alizarin Red and 
potassium ferricyanide,  because  the primary purpose  at  that  time 
was to highlight the porosity and calcite cement to study diagenesis. 
No feldspar staining was done.  Feldspar was, therefore, recognized 
on  the  basis  of  its  cloudy  appearance,  cleavage,  twinning,  and 244 
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FIG. 7.3: Stratigraphic age range of sandstone samples used in this 
study.  The  Manzaki,  Gardab Manda, Rud  Faqirzai,  and 
Sharankar  Syncline  are  the  localities  where  stratigraphic 
sections were measured and  fossil  samples collected,  giving 
better age-range control for these sections.  Sharankar Syncline 
section samples were collected in a reconnaissance survey.  The 
ages of samples from other localities  are more tentative, and 
are based on field relationship of rock units. 245 
diagenetic alteration.  Counted grains were initially placed into 34 
categories (Appendix B).  Later, eleven types of accessory minerals 
were combined under one category.  The resulting 23 point-count 
categories, and recalculated parameters are given in Table 7.1.  The 
recalculated percentages of above mentioned categories are shown in 
Table 7.2.  The relative percentages of recalculated parameters that 
were used to decipher the provenance of the Khojak Formation are 
displayed in Table  7.3.  The percentages, recalculated parameters, 
their means and standard deviations were calculated using Microsoft 
Excel {5.0} .  The triangular plots were drawn using .APlot {3.1} . 
Framework Grains 
Quartz  is  by  far  the most abundant framework grain,  and 
constitutes  51-65 % of  total  framework  grains  in  the  Khojak 
Formation.  Figure  7.4  shows  photomicrographs  of  selected 
framework grains.  Both mono- and polycrystalline quartz (Qm and 
Qp) are present, and average percentages at different localities range 
from  38-56 %,  and  8-17 %,  respectively.  Quartz  is  generally 
subangular.  Monocrystalline  quartz  grains  display  quartz 
overgrowths, and are angular in shape.  Generally quartz grains are 
medium to  fine sand size, and are moderately well  sorted.  Some 
coarse grains of quartz are  also present.  Similarly,  a few quartz 
grains are replaced by sparry calcite, and their grain boundaries are 
highly  irregular. 
Rock fragments,  the second most abundant framework grain, 
comprise 27-38 % of the  total framework grain population.  These 
grains  are  further  subdivided  into  volcanic,  metamorphic,  and 246 
TABLE 7.1: Different categories of the framework grains and the 
recalculated parameters used in  this  study. 247 
COUNTED AND RECALCULATED PARAMETERS
 
Counted  Parameters
 
Qm:  Monocrystalline  quart
 
QP:  Polycrystalline  quartz
 
K:  Potassium  feldspar 
P:  Plagioclase  feldspar
 
Vm:  Volcanic  lithic  with  microlitic  texture
 
VI:  Volcanic  lithic  with  lathwork  texture
 
Vf:  Volcanic  lithic  with  felsitic  texture
 
Ms:  Schist  lithics
 
Mp:  Phyllite  lithics
 
Mq:  Micaceous  quartzites  lithics
 
Msp:  Serpentine  lithics
 
Mm:  Mica (Muscovite)  lithic
 
Mb:  Mica (Biotite)  lithics
 
Mc:  Mica (Muscovite)  lithics
 
S a:  Argil lite-shale  lithics
 
Sst:  Siltstone  lithics
 
Ssd:  Sandstone  lithics
 
Scb:  Carbonate  lithics
 
Scr:  Chert with  radiolaria
 
Sc:  Chert
 
So:  Biotics
 
A:  Accessory  Mineral 
Misc:  Unidentified 
Qt:  Total  quartzose  grains 
F:  Total  feldspar  grains 
L:  Unstable  lithic  grains 
Lt:  Total  lithic  grains 
Lv:  Volcanic  lithics 
Lm:  Metamorphic  lithics 
Ls:  Sedimentary  lithics 
Lvm:  Volcanic  and metavolcanic  lithics 
Lsm:  Sedimentary  and metamophic  lithics 
Qt = Q(m+p) + S(cr+c)  Q = Q(m +p)
 
F = P + K  R = Lv + Lm + Ls
 
L = V(m+1+f+o) + M(s+p+q+sq+m+b+c) + S(a+st+sd+cb+cr+c)
 
Lt = L + Qp
 
Lv = V(m +l +f +o)
 
Lm = M(s+p+q+sq+m+b+c)
 
Ls = S(a+st+sd+cb+cr+c)
 
Lvm = M(s+p+q+sq+m+b+c) + M(sp)
 
Lsm = S(a+st+sd+cb+cr+c) + M(s+p+q+sq+m+b+c)
 
Recalculated  Parameters 
QtFL%  Q = {Q/(Q+F+L) } 100  Similarly F & L 
QmFLt  Qm = {Qm/(Qm+F+Lt)} 100  Similarly F & Lt 
QmPK  Qm = {Qm/(Qm+P+K)} 100  Similarly P & K 
LmLvLs  Lm = {Lm/(Lm+Lv+Ls)} 100  Similarly Lv & Ls 
QpLvmLsm  Qp = {Qp/(Qp+Lvm+Lsm)} 100  Similarly Lvm & Lsm 
QFR  Q = {Q/(Q+F+R)} 100  Similarly F & R 248 
TABLE 7.2: Percentages of different framework grains of the Khojak 
Formation.  Note the lower three samples from the Gardab 
Manda section  were  not  incorporated  while  calculating  the 
mean and standard deviation.  For explanation see section on 
Lower Gardab Manda section. 249 
_.3 QUARTZ FELDSPAR VOLCANICRIOCK FRAG.  METAMORPHIC'  RO CK  :FRAGMENTS  EDIMENTARY ROCK  : FRAGMENTS  ACCES- UNID- TOTAL  P/F 
SECTIONS 
,  Mica  Micaceous: Scrpcntinitc  Micas  Chcn  Chcn  SORY  ENTIF 
Mono, Ploy  K-Feld  Plag  Microlitic I Lathwork, Fclsitic :  Othcrs  Schist Phyllitc  Quartzite  SchisUFrag. Muscovite. Biotitc , Chlorite Argillitc. Siltstone  Sandstone  I Carbonatc w-Radiolaria, w/t Radiolaria  Biotics  IED 
(Om)  (Qp)  (K)  (P)  (Vm)  ,  (VI)  (V1)  (Vo)  (Ms)  (MP)  (M9)  (Msp)  (Mm)  j  (Mb)  (Mc)  (Sa)  '  (Sst)  (Ssd)  (Scb)  .  (Scr)  (Sc)  (So) 
Ashewat  _.. 
91 -RL-17  44.8  11.6  2.8  6.0  0.0  0.4  0.2  0.4  1.2  3.4  0.4  0.2  0.2  0.2  1.8  23.4  ,  0.0  0.0  0.8  0.0  2.0  0.0  0.2  0.0  100.0  0.68 
91 -RL-15  31.6  15.6  3.6  8.8  0.0  I  0.0  0.2  0.4  1.4  4.8  0.6  0.0  0.2  0.2  0.0  19.2  ,  0.0  0.0  0.8  0.0  12.4  0.0  0.0  0.2  100.0  0.71 
MEAN  38.2  13.6  3.2  7.4  0.0  1  0.2  I  0.2  0.4  13  i  4.1  0.5  0.1  0.2  0.2  0.9  21.3  ,  0.0  0.0  0.8  0.0  7.2  0.0  0.1  0.1  0.70 
SD  9.3  2.8  0.6  ;  2.0  0.0  0.3  0.0  0.0  0.1  1.0  0.1  0.1  0.0  0.0  1.3  3.0  0.0  0.0  0.0  ,  0.0  7.4  0.0  0.1  0.1  0.02 
Manzalci 
9 1-RL-4613  23.8  18.2  3.6  1  10.6  0.8  1  0.6  2.2  0.8  2.6  3.6  0.0  2.8  0.2  1.0  2.6  16.2  0.2  0.0  3.0  0.2  5.8  0.0  0.8  0.4  100.0  0.75 
91 -RL-46A  30.0  :  14.8  3.8  I  11.6  0.0  ,  0.4  '  0.4  1.0  4.0  ,  2.8  ,  0.8  0.6  0.2  0.8  2.0  15.8  0.2  0.0  2.0  0.0  6.6  0.0  2.0  0.2  100.0  0.75 
91 -RL-42  36.6  I  9.8  1.6  3.4  0.2  0.0  0.2  1.8  3.8  ,  4.0  0.4  0.2  0.2  '  0.4  2.6  18.0  0.0  0.0  7.4  0.2  7.0  0.0  1.6  0.6  100.0  0.68 
91 -RL-40  36.8  ;  18.4  3.0  4.6  0.4  0.6  I  0.6  2.0  5.8  3.0  1.0  1.0  0.0  0.2  1.6  6.0  I  0.0  0.4  3.4  0.0  10.2  0.0  0.2  0.8  100.0  0.61 
91 -RL-34  50.4  6.4  0.4  3.0  0.0  1.0  I  0.0  1.8  1.6  1.6  0.0  0.0  0.2  0.0  1.6  14.4  0.0  0.0  5.6  0.0  9.2  0.0  1.2  1.6  100.0  0.88 
91-RL-30B  51.2  6.8  1.4  3.8  0.0  ,  0.0  0.0  3.4  1.6  2.4  0.0  0.0  0.6  0.2  3.8  15.6  :  0.0  0.0  1.8  0.0  4.2  0.0  1.4  1.8  100.0  0.73 
91 -RL-30A  47.2  I  7.2  3.4  9.4  0.2  0.0  0.0  2.0  1.2  5.2  0.0  0.0  0.4  1.4  3.2  9.0  I  0.0  0.4  3.0  0.0  3.8  0.0  0.8  2.2  100.0  0.73 
91-N-40  50.8  7.8  5.4  9.4  1.0  0.2  0.6  1.6  0.8  5.8  0.0  0.0  0.0  0.2  0.4  7.8  0.0  0.4  1.0  0.0  5.0  0.0  0.2  1.6  100.0  0.64 
91-N-39  44.4  9.2  1.4  4.2  0.4  0.8  2.0  1.4  4.2  9.8  4.8  i  0.4  0.2  0.2  0.6  5.6  1  0.0  1.2  2.6  0.0  5.4  0.0  02  1.0  100.0  0.75 
91-N-37  48.2  7.0  2.8  5.0  0.2  1.0  0.0  1.2  0.4  ,  7.0  1  0.0  0.0  0.0  0.4  1.4  7.0  '  0.2  0.4  3.4  0.2  10.6  0.0  2.4  1.2  100.0  0.64 
91-N-32  56.0  6.0  3.0  I  6.8  0.4  0.2  0.0  '  1.4  0.4  5.6  0.0  1  0.0  0.0  0.8  1.2  2.8  0.0  0.0  1.6  0.0  12.0  0.0  0.2  1.6  100.0  0.69 
91-N-24  44.8  8.2  1.6  1  5.8  0.0  0.0  0.0  1.0  0.4  2.0  1  0.0  0.0  0.2  0.2  1.6  18.8  0.4  0.0  5.0  0.0  8.6  0.0  1.0  0.4  100.0  0.78 
91-N-16  46.0  8.8  2.8  1  7.6  0.0  0.0  0.4  0.4  1.0  1.4  i  0.0  0.0  I  0.0  0.6  ,  1.2  17.2  0.4  0.0  ,  2.6  0.0  8.8  0.0  0.0  0.8  100.0  0.73 
91-N-9  42.8  10.6  3.2  12.4  0.0  0.8  ,  0.0  1.6  0.2  1.2  0.0  0.0  0.0  0.8  1.6  12.2  ,  0.2  0.0  2.0  0.0  9.8  0.0  0.0  0.6  100.0  0.79 
91-N-8  48.81  6.4  2.8  ,  9.4  0.0  0.8  0.0  1.4  0.2  0.2  0.0  0.0  0.2  0.0  0.6  17.2  0.0  0.0  4.0  0.0  7.0  0.0  0.8  0.2  100.0  0.77 
91-N-6  52.21  5.8  3.6  4.6  0.0  0.6  0.0  0.2  0.0  0.2  0.0  0.0  0.0  1  0.0  0.0  13.0  0.6  0.2  6.2  1  1.0  11.0  0.0  0.2  0.6  100.0  0.56 
91-N-5  50.6  4.2  2.4  10.6  0.0  0.6  0.2  0.4  0.0  0.4  0.0  0.0  0.0  0.4  0.2  16.8  0.4  0.2  3.6  I  0.0  8.4  0.0  0.2  0.4  100.0  0.82 
91-N-1  45.6  9.6  1.8  7.2  0.0  0.4  0.0  0.4  0.0  0.2  0.0  0.0  0.0  0.2  0.2  26.8  0.0  0.0  1.6  0.0  5.6  0.0  0.2  0.2  100.0  0.80 
MEAN  44.8  9.2  2.7  7.2  0.2  0.4  0.4  1.3  1.6  3.1  0.4  0.3  0.1  '  0.4  1.5  13.3  0.1  0.2  3.3  I  0.1  7.7  ao  0.7  0.9  0.73 
SD  8.2  4.1  1.2  3.0  0.3  0.4  0.7  0.8  1.8  2.7  1.1  0.7  0.2  0.4  1.1  6.0  0.2  0.3  1.7  0.2  25  0.0  0.7  0.6  0.08 
Rud Faqirzai 
91-N-3518  48.8  10.4  2.4  I  9.2  0.2  0.4  0.0  0.4  0.2  0.8  0.0  3.0  0.2  0.0  0.6  16.2  0.4  0.0  1  0.4  0.2  3.8  ,  2.2  0.0  0.2  100.0  0.79 
91-N-345  48.611  3.6  1.4  I  6.4  0.0  0.0  0.0  0.0  0.0  0.2  0.0  5.6  0.4  1.2  2.6  27.6  0.0  0.0  0.0  0.0  2.0  0.0  0.4  0.0  100.0  0.82 
91-MZ-68  49.6  5.8  2.0  8.4  0.0  0.0  0.0  0.4  0.6  0.0  0.0  3.8  0.2  0.0  0.6  24.6  0.0  0.0  0.2  0.0  3.0  0.0  0.6  0.2  100.0  0.81 
91-MZ-62  41.2  1  7.2  2.2  9.2  0.0  0.0  0.0  0.0  0.2  2.2  0.0  3.4  0.4  2.4  3.8  19.0  0.0  0.0  1.2  0.0  5.8  0.6  0.4  0.8  100.0  0.81 
91-N-339  72.6  6.6  0.6  4.8  0.0  0.0  0.0  0.6  0.0  0.4  0.0  0.0  0.2  0.0  1.0  10.0  0.0  0.0  0.4  0.0  2.4  0.0  02  0.2  100.0  0.89 
91-N-335  64.6  12.8  0.2  2.6  0.0  0.0  0.0  I  0.0  0.0  0.4  0.0  I  0.0  1  0.0  0.4  0.4  17.0  0.0  0.0  0.0  1  0.0  1.6  0.0  0.0  0.0  100.0  0.93 
91-N-308  51.2  7.0  0.2  3.4  0.0  I  0.0  0.0  1  0.0  0.0  :  0.2  0.0  ,  0.0  I  0.0  0.6  0.2  30.8  0.0  0.0  0.0  0.0  3.6  2.6  0.2  0.0  100.0  0.94 
91-MZ-37  67.6  9.0  0.4  5.4  0.0  ,  0.0  0.0 
1  0.0  0.4  0.6  0.2  0.0  0.2  0.2  0.2  7.0  0.0  0.0  0.0  0.0  7.8  0.0  0.8  0.2  100.0  0.93 
MEAN  55.5  7.8  1.2  1  6.2  0.0  ;  0.1  :  0.0  0.2  0.2  0.6  0.0  2.0  0.2  0.6  1.2  19.0  0.1  0.0  0.3  0.0  3.8  0.7  0.3  0.2  0.87 
SD  1 1.2  2.9  0.9  2.6  0.1  0.1  I  0.0 
I  0.2  0.2  0.7  0.1  2.2  0.2  0.8  1.3  8.3  0.'1  0.0  0.4  0.1  2.1  1.1  0.3  0.3  0.06 
Sharankar Syncline 
,  L 
91-N-166  47.8  I  15.6  1.8  j  6.8  0.6  I  0.8  0.4  I  1.2 _'I  1.4  1.4  0.8  0.6  0.0  0.0  1.4  12.8  02  0.0  0.0  0.0  6.0  I  0.0  0.4  0.0  100.0  0.79 
91-N-167  52.2  1  17.2  1 D 
1  4.8  0.2  ,  0.2  :  0.0  j  1.4  0.602  IA  2.2  1  0.4  :  0.0  1.0  10.2  0.0  0.0  1.2  0.0  5.0  '  0.0  0.2  0.6  100.0  0.83 
MEAN  50.0 I  16.4  1.4  5.8  0.4  0.5  0.2 
1  1.3  1.0  0.8  1.1  1.4  0.2  0.0  1.2  11.5  0.1  0.0  I  0.6  I  0.0  53  '  0.0  0.3  0.3  0:81 
SD  3.1  1.1  0.6  1.4  0.3  I  0.4  0.3  1  0.1  0.6  0.8  0.4  1.1  03  0.0  0.3  1.8  0.1  0.0  0.8  I  0.0  0.7  0.0  0.1  0.4  0.03 
Gardab Manda 
91-MZ-3  54.2  2.4  3.8  7.4  0.0  0.0  0.0 
1  0.2  0.0  0.4  0.0  0.0  0.0  0.8  0.2  24.6  0.0  0.0  1.0  0.0  4.8  0.0  0.2  0.0  100.0  0.66 
91-N-168  41.6  ;  8.2  4.8  10.2  0.0  0.0  0.0  I  0.0  1.8  2.4  L  0.6  0.4  1.6  2.0  1.4  22.6  0.0  0.0  0.2  0.0  I  1.8  i  0.0  0.0  0.4  100.0  0.68 
91-N-165  394  13.2  3.2  7.8  0.0  0.2  0.0  0.2  2.4  I  3.0  0.0  0.2  0.2  1.0  2.2  24.2  0.0  0.0  0.6  0.0  1.8  0.0  02  0.2  100.0  0.71 
91-N-160  39.8  11.8  2.8  6.6  0.0  0.0  0.0  0.0  1.8  2.2  0.0  1  1.0  1.0  0.4  2.8  27.6  0.2  0.0  0.0  :  0.0  1.4  0.0  0.6  0.0  100.0  0.70 
91-N-157  33.0  9.2  6.4  14.2  0.0  0.2  0.0  0.2  0.2  1  2.0  1.0  j  3.4  1.4  0.2  2.4  23.0  0.0  0.0  0.4  0.0  2.4  0.0  02  0.2  100.0  0.69 
91-N-138  7.6  13.4  1.0  14.0  1.4  I  3.0  3.6  11.2  0.0  0.6  0.0  18.2  ;  0.2  0.0  3.4  14.4  0.0  0.0  2.2  0.2  I  2.8  0.2  1.6  1.0  100.0  0.93 
91-N-125  6.0  11.6  0.0  8.0  12.4  8.8  4.0  0.8  0.0  0.0  0.0  24.0  0.0  1.2  0.0  7.6  0.8  0.0  0.8  3.2  '  7.6  0.0  2.0  1.2  100.0  1.00 
91-N-92  14.8  7.6  0.6  8.0  1.6  12.6  2.8  3.0  0.0  0.0  0.0  1  9.0  0.0  0.0  1.2  10.0  12  02  212  0.8  4.4  0.0  1.0  0.0  100.0  0.93 
MEAN  41.6  9.0  4.2  9.2  0.0  0.1  0.0  0.1  1.2 
I  2.0  I  03  1  1.0  1  0.8  0.9  1.8  24.4  0.0  0.0  0.4  0.0  2.4  0.0  0.7  0.4  0.79 
SD  7.8  4.2  1.4  3.1  0.0  0.1  0.0  0.1  1.1  1  1.0  1  0.5  1.4  0.7  0.7  1.0  2.0  0.1  0.0  0.4  0.0  1.4  0.0  0.7  0.5  0.14 
Surkatch 
91-N-500  55.8  17.4  1.4  I  4.0  0.4  1.2  0.0  0.0  0.0  0.2  0.0  5.0  I  0.2  0.2  2.0  9.2  0.8  0.0  0.0  0.0  2.2  0.0  0.0  0.0  100.0  0.74 
91-466-001  41.4  16.0  3.0  6.8  0.0  0.4  0.0  0.2  0.2  0.2  0.0  1.6  0.8  0.8  0.8  24.4  '  0.0  0.0  0.0  0.0  2.8  0.0  02  0.4  100.0  0.69 
MEAN  48.6  16.7  22  ,  5.4  0.2  0.8  0.0  ,  0.1  0.1  0.2  0.0  33  03  0.5  1.4  16.8  I  0.4  0.0  0.0  0.0  23  0.0  0.1  02  0.72 
SD  10.2  1.0  1.1  2.0  0.3  0.6  ,  0.0  1  0.1  0.1  0.0  0.0  2.4  1  0.4  0.4  0.8  10.7  1  0.6  0.0  0.0  0.0  0.4  0.0  0.1  0.3  0.03 
Charnan 
78-RL-28  40.2  14.8  2.8  9.4  0.4  2.6  1  0.0  0.0  az  0.0  0.0  0.0  1.6  0.0  0.6  24.6  1  0.0  0.0  I  0.0  0.0  2.8  0.0  0.0  0.0  100.0  0.77 
78-RL-183  40.6  14.6  2.4  9.2  1.0  1.4  ,  0.0  :  0.0  0.0  0.4  0.2  0.6  0.4  6.0  I  0.0  17.2  '  0.0  0.0  1  02  0.0  5.2  ,  0.0  0.6  0.0  100.0  0.79 
78-RL-186  44.6  17.2  2.4  8.6  0.8  1  0.4  0.0  1  0.0  1.4  2.4  1.2  0.0  02  3.2  :  0.0  12.2  0.0  0.0  1  0.6  0.0  4.2  ;  0.0  0.2  0.4  100.0  0.78 
MEAN  41.8  15.5  2.5  9.1  0.7  1  1,5  0.0  0.0  0.5  ,  0.9  ,  03  0.2  0.7  !  3.1  I  0.2  18.0  0.0  0.0  0.3  0.0  4.1  ;  0.0  03  0.1  0.78 
SD  2.4  1.4  0.2  0.4  0.3  1.1  ,  0.0  ,  0.0  0.8  1.3  0.6  0.3  i  0.8  ,  3.0  0.3  6.2  0.0  0.0  0.3  0.0  12  I  0.0  0.3  0.2  0.01 250 
TABLE  7.3:  Recalculated parameters used  for  composition and 
provenance study of the Khojak Formation.  The lower three 
samples from the Gardab Manda section were not incorporated 
while  calculating  the mean and standard  deviation.  Their 
overall mean and standard deviation are shown separately. SECTIONS  SAMPLE NO.  OtFL(%) 
Qt  F  L 
QmFLt(%) 
Qm  F  Lt 
QmPK(%) 
Qm  P  K 
LmLvLs(%) 
Lm  Lv  Is 
QpLvmLsm(%) 
Qp  Lvm  Ism  Q 
QFR(%) 
F  L 
Asehwat  91-RL-17  57  9  34  45  9  46  84  I1  5  21  3  76  25  3  72  57  9  34 
91-RL-15  53  II  36  32  12  56  72  20  8  18  I  81  28  I  71  48  12  40 
Manzaki  91-RL-46B  46  14  41  24  14  62  63  28  9  30  10  60  30  12  58  43  14  43 
91-RL-46A  49  15  36  31  16  54  66  26  8  30  5  65  28  5  67  47  16  38 
9I-RL-42  51  5  44  37  5  57  88  8  4  25  5  70  17  4  78  48  5  47 
91 -RL-40  60  7  33  37  8  55  83  10  7  35  10  55  34  8  58  57  8  36 
91-RL-34  62  3  35  52  3  45  94  6  I  14  8  79  15  6  79  58  3  38 
91-RL-30B 
91-RI-30A 
62 
58 
5 
13 
33 
30 
53 
49 
5 
13 
42 
38 
91 
79 
7 
16 
2 
6 
26 
38 
10 
7 
64 
54 
17 
19 
8 
6 
75 
75 
60 
56 
5 
13 
35 
31 
91-N-40  62  14  24  52  15  33  77  14  8  29  14  57  24  10  66  60  15  25 
91-N-39  57  5  38  45  6  49  89  8  3  51  12  37  19  10  71  59  6  35 
91 -N-37  62  7  31  50  8  42  86  9  5  28  7  65  17  6  77  57  8  35 
91-N-32  67  9  24  57  10  33  85  To  30  8  62  19  6  75  63  10  27 
91 -N-24  57  7  36  45  8  47  86  11  3  12  3  86  18  2  80  54  8  39 
9144-16  59  10  31  46  10  43  82  13  5  12  2  85  21  2  78  55  10  34 
91-N-9  58  14  28  43  16  41  73  21  5  13  8  80  26  6  68  54  16  31 
91-N-8  59  12  30  49  12  38  80  15  5  4  7  89  17  6  77  56  12  32­
91-N-6  63  7  30  53  8  39  86  8  6  I  2  97  15  2  83  58  8  33 
91 -N-5  59  12  29  51  1  13  36  80  17  4  3  4  93  12  3  85  55  13  32 
91-N-I  58  9  34  46  9  45  84  13  3  2  2  96  21  2  77  55  9  36--
Rud Faqirzai  91-N-35IB  62  I I  26  50  12  38  81  15  4  18  4  78  28  11  61  61  12  27 
91-N-345  53  8  39  49  8  43  86  II  2  25  0  75  8  13  79  52  8 
91-MZ-68  57  10  33  50  10  40  83  14  3  16  1  83  15  11  74  56  10  34 
91-M2-62  52  I 1  37  42  12  46  78  17  4  32  0  68  16  7  77  49  12  39 
9144-339  80  5  15  73  5  22  93  6  1  1 1  4  85  31  3  67  5  15 
9144-335  78  3  19  65  3  33  96  4  0  6  0  94  39  0  61  77  3  20 
9144-308  61  4  35  53  4  44  93  6  0  3  0  97  17  0  83  60  4  36 
91-M2-37  79  5  16  68  6  26  92  7  1  I1  0  89  35  0  65  78  6  17 
Sharankar Syncline  91 -N -166  66  8  26  48  9  43  85  12  3  20  I I  69  36  8  56  64  9  27 
9144-167  71  6  23  53  6  42  90  8  2  24  8  68  42  10  49  71  6  23 
Gardab Manda  91-M2-3  59  11  31  54  I I  34  83  1 I  6  4  1  95  7  I  92  57  I I  32 
91-N-168  51  15  34  42  15  43  73  18  8  29  0  71  19  1  80  51  15  34 
91-N-165  54  II  36  40  II  49  78  15  6  25  I  74  27  1  72  53  II  36 
91-N-160  53  9  38  40  9  51  81  13  6  24  0  76  24  2  75  52  9  39 
9144-157  44  20  36  33  21  46  62  26  12  29  I  70  20  8  72  43  21  36 
Surkatch  91-N-500  74  5  21  56  5  39  91  7  2  36  7  57  45  17  38  73  5  21 
91-466-001  59  10  32  42  10  48  81  13  6  14  2  84  33  5  62  58  10  32 
Chaman  78-RL-28  56  12  32  40  12  48  77  18  5  7  9  84  31  6  63  55  12  33 
78-RL-183  58  1 1  31  41  12  47  78  18  23  7  69  31  6  63  56  12  33 
78-RL-186  64  II  26  45  II  44  80  15  4  32  5  64  39  3  58  63  11  26 
Overall Mean  60  9  31  47  10  43  82  13  20  5  75  24  6  70  58  10  32 
Overall SD  8  4  6  10  4  8  8  6  12  4  14  9  4  11  9  4  7 
91 -N-138  24  15  61  8  15  77  34  62  4  37  31  32  18  50  32  22  15  63 
9I-N-125  26  7  66  6  8  86  43  57  0  35  37  28  14  60  26  18  8  74 
91 -N-92  26  8  65  15  9  76  63  34  3  15  29  56  10  38  52  23  9  69 
Overall Mean  26  10  64  10  11  80  47  51  2  29  32  39  14  50  36  21_  11  68 
Overall SD  I  4  3  5  4  5  IS  15  2  12  4  15  4  II  14  2  5 252 
FIG.  7.4:  Photomicrographs of different framework grains  of the 
Khojak Formation sandstones and their  textural features under 
cross-nicols. 
A: Photomicrograph  showing  both  mono- (Qm)  and 
polycrystalline (Qp) quartz.  The lithics  include metamorphic 
(phyllite)  volcanic (lathwork texture) and sedimentary (mainly 
argillite).  Note ductile deformation of metamorphic lithics due 
to  compaction.  Sparry  calcite  (stained red) has replaced  a 
framework grain in the lower left corner. 
B:  Photomicrograph  showing monocrystalline  quartz  (Qm), 
volcanic lithics with lath-work texture, and chert.  Some Qm 
grains display quartz overgrowths. 
C: Photomicrograph shows felsic  lithic,  polycrystalline quartz 
(Qp) and plagioclase with  albite twinning cemented by clay 
minerals and sparry calcite. 
D :  Photomicrograph of  fine  quartz mica schist  lithic  with 
recrystallized  quartz. 
E:  Photomicrograph  of  compacted  chlorite  flake  showing 
alteration from detrital  biotite  that can  still  be seen in  its 
center.  Red stained sparry calcite is abundant. 
F:  Photomicrograph showing  siltstone  fragment,  along with 
monocrystalline quartz, and argillite  lithics. 
G :  Photomicrograph  containing  chert  and  fossiliferous 
limestone clast with pelagic foraminifera.  Note the outline of 
the  adjacent  clast,  probably feldspar with lamellar twinning, 
that has been now replaced with sparry calcite. 
H :  Photomicrograph  showing  microcline  with  grid  iron 
twinning, and orthoclase  to  its  right being altered  to  sericite 
and other authigenic clay minerals.  Note the rounded sparry 
calcite limestone clast below the microcline. ') 5 3 
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sedimentary lithics.  The values in parentheses show range of their 
mean percentages  in  all  the  localities.  Volcanic  lithics  (Lv)  are 
further  subdivided,  on  the  basis  of  micro-textures,  into  four 
categories:  Microlitic  (0-0.7 %),  Lathwork  (0.1-1 %),  Felsitic  (0­
0.4 %) and others (0-1 %).  The "others" include all grains that have 
been  either  diagenetically  altered  into  chlorite  and  other  iron-
bearing clay minerals or replaced by sparry calcite, but identified on 
the  basis  of relict  features  such as  feldspar microliter.  Volcanic 
lithics combined constitute 0-2 % of the  total framework population 
in different localities (Table 7.2).  Similarly, the metamorphic lithic 
(Lm) fraction  constitutes 5-8 % of total framework grains.  These 
grains were subdivided into five categories namely: fine schist (0.1­
2 %),  phyllite  (0.2-4 %),  micaceous  quartzite  (0-1 %),  serpentine 
(0.1-3 %),  and micas  (1-4 %).  Sedimentary rock fragments  (Ls) 
comprise 18-29 % of the  total grain population.  These grains were 
further  subdivided  into:  argillites  (12-24 %),  siltstone  (0-0.1 %), 
sandstone (0-0.2 %), limestone (0.3-3 %), chert (2-8 %), and biotics 
(e.g.,  forams,  molluscan  shell  fragments,  carbonaceous  debris). 
However, biotics were not included when percentages of framework 
grains were calculated. 
The  presence  or  absence  of  preferred  orientation  of 
recrystallized micas verses  clay minerals was the  criterion used to 
differentiate between phyllite and argillite  lithics.  All metamorphic 
clasts  that contain recrystallized  silt-size quartz with aligned micas 
were categorized  as  fine  schist.  Altered  volcanic,  argillites,  and 
pelitic metamorphic  lithics have been squashed due  to compaction 
and form pseudomatrix (Dickinson, 1970).  However, in a few thin­258 
sections  pseudomatrix  has  been  considerably  replaced  by  sparry 
calcite. 
Feldspar comprises 7-13 % of the total grain population (Table 
7.2).  These grains  were further subdivided  into  plagioclase and 
potassium  feldspar.  Plagioclase  constitutes  5-9 % of  the  total 
feldspar population.  On the basis of extinction angles composition 
ranges from  albite  to  andesine, and some labradorite.  Potassium 
feldspar consists of orthoclase, microcline, and perthite,  in order of 
decreasing abundance.  The percentage of potassium feldspar ranges 
from 1-4 %.  Most feldspar grains are either diagenetically altered to 
clay minerals and sericite or replaced by sparry calcite.  The degree 
of  alteration  or  replacement  varies  from  slight  to  complete. 
Accessories minerals  (0.1-1 %) and unidentified  lithics  and mineral 
grains (0.1-1 %) complete the total grain population spectrum of the 
Khojak Formation.  Accessory  minerals  include  sphene,  zircon, 
magnetite,  hornblende,  olivine,  pyroxene,  epidote,  glauconite,  and 
pyrite. 
Composition of the Khojak Formation 
The  data  in  Table  7.2  were  recalculated  into  different 
parameters  (Table  7.3)  to  classify  the  composition  of  Khojak 
sandstones and identify  their provenance.  The composition of the 
Khojak Formation was calculated by using Folk's classification (1974). 
The quartz,  feldspar and rock fragments range from 52-68 %,  7­
13 % and 25-37 %, respectively.  On Folk's QFR ternary diagram, the 
sandstones from  all  locations plot  in  the Litharenites  area, except 
those from the Garb Manda Section and Chaman area  (Fig.  7.5). 259 
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FIG. 7.5: QFR diagram showing the composition of Khojak Formation 
sandstones.  Different  symbols  represent  seven  sample 
localities.  For consistency, same symbol for each location were 
used, as shown in the figure 7.2.  The ternary diagram in the 
background shows the  overall range of data of each of the 
sections; the diagram in the foreground shows the mean values. 
See  text  for  Ternary  diagram  references.  The  same 
presentation style  is used throughout this chapter. 260 
These two sections plot in the feldspathic litharenite zone due to 2 % 
more feldspar.  The mean value for Khojak sandstones is Q58F 0R3,), 
and suggests that these are litharenites. 
Provenance of the Khojak Formation 
This  provenance  study  is  based  on  thirteen  recalculated 
parameters  as  suggested by different  authors  (e.g.,  Dickinson and 
Suczek, 1979; Ingersoll and Suczek, 1979; Zuffa, 1980; Dickinson et 
al.,  1983; Ingersoll et al.,  1984).  These parameters were used to plot 
five  ternary diagrams  to  suggest  the  provenance  of  the  Khojak 
Formation. 
The recalculated mean values (Table 7.3) of QtFL parameters of 
sandstone samples from all  localities range from 52-69 %, 7-13 %, 
and 25-35 %, respectively.  The mean value of  all  the  localities 
combined is Qt60F9L 31.  The data plot along the total quartz-lithics 
(Qt-L) leg in the recycled orogen area (Fig. 7.6).  Average values of 
QmFLt parameters  range  from  38-56 %,  7-13 %,  and  36-51 %, 
respectively.  The combined mean value  is Qm47F 10Lt43.  On the 
QmFLt diagram the data plot along the monocrystalline quartz-total 
lithics (Qm-Lt) leg (Fig. 7.7).  All the localities plot in the transitional 
recycled  zone,  except  the  Murgha Faqirzai  section,  which  has 
relatively  less  lithics and more monocrystalline quartz.  These data 
plot in the quartzose recycled area.  The mean values of recalculated 
QmPK parameters of all  sections range from 75-88 %, 10-17 %, and 
2-7 %, respectively.  The overall combined mean value is  Qm82P 1 3K5 
These percentages indicate that monocrystalline quartz (Qm) fraction 
is  much more abundant than both plagioclase  (P)  and potassium 261 
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FIG. 7.6: QtFL diagram shows that the detrital modes of the Khojak 
Formation are of recycled orogenic origin.  Three samples plot 
separately, as in rest of the Ternary diagram, in the transitional 
magmatic arc  area  these samples are discussed  in  the lower 
Gardab Manda section of the text. 16'? 
ASHEWAT SEC.	  SHARANKAR 
SYNCLINE SEC. 0  MANZAKI SEC.
 
GARDAB
 RUD FAQIRZAI  MANDA SEC. SEC. 
SURKATCH A  CHAMAN SEC.  SEC. 
FIG.  7.7:  QmFLt  ternary  diagram  shows  quartzose-transitional 
recycled nature of the Khojak sandstone detritus. 263 
feldspar (K); therefore, these sandstones plot near the Qm pole along 
the Qm-P leg (Fig. 7.8).  The mean values of LmLvLs parameters, at 
different  localities,  ranges  from  15-25 %,  1-9 %,  and  69-84 %, 
respectively.  The total mean of the Khojak sandstones from  all 
locations combined is Lm2oLv5Ls75.  In this case the data plot close to 
the Ls pole along the metamorphic-sedimentary lithics (Lm-Ls) leg in 
the suture belts, and mixed magmatic arc and subduction complexes 
(Fig. 7.9).  However, the mean values of all sections plot in the suture 
belts area.  The mean QpLvmLsm values of all  the sections range 
from 19-34 %, 2-11 %, and 50-78 % respectively, and the combined 
mean value is Qp24L v m6Lsm7o.  These recalculated parameters plot 
along the  polycrystalline  quartz-total  sedimentary and metamorphic 
lithics (Qp-Lsm) leg near Lsm pole of the QpLvmLsm diagram (Fig. 
7.10).  This figure combines two plots.  All the localities plot in the 
collision orogen of Dickinson and Suczek (1979) and Dickinson et  al. 
(1983) shown with  a  dashed  line.  Ingersoll and Suczek (1979) 
further subdivided the collision orogen into  three categories shown 
with solid lines.  The Khojak sandstones from Ashewat, Rud Faqirzai, 
Manzaki and Gardab Manda locations plot in the suture belt  field, 
whereas  sandstones  from  the  Sharankar  syncline,  Surkatch,  and 
Chaman locations  plot  in  the combined subduction complex and 
magmatic arc fields. 
DIAGENESIS OF THE KHOJAK FORMATION SANDSTONES 
Diagenetic processes can not only change the composition of 
sandstones after deposition (McBride, 1984) but are also  critical  in 
evaluating the hydrocarbon reservoir potential of any formation.  In 264 
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FIG. 7.8: QmPK ternary diagram illustrates  that the Khojak detritus 
is overwhelmingly rich  in monocrystalline quartz, compared to 
plagioclase and potassium feldspar. 265 
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FIG. 7.9: LmLvLs ternary diagram shows that the Khojak detritus  is 
rich  in sedimentary lithics  (Ls) with subordinate metamorphic 
lithics (Lm), characteristic of a sandstone derived from a suture 
belts.  Note the very low percentages of volcanic lithics  (Lv). 266 
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FIG.  7.10: QpLvmLsm ternary  diagram shows  that  the  Khojak 
detritus  plots  near  the  combined  sedimentary-metamorphic 
lithics (Lsm) pole, along the  polycrystalline quartz (Qp) and 
Lsm leg.  The very low percentages of volcanic-metavolcanic 
lithics (Lvm) precludes  the magmatic arc provenance for the 
Khojak Formation sandstones. 267 
siliciclastic  rocks,  petrofacies  and  their  diagenetic  textures  are 
important  in  such  evaluations.  Hayes  (1979)  suggested  that 
environment of deposition is one of many controls on the diagenesis 
of siliciclastic  sediments.  Elliott (1983) explained that depositional 
environments dictate sand facies patterns  that include  size,  texture, 
initial permeability, porosity, and geometry of sand bodies.  Physical, 
biological, and chemical processes acting within these depositional 
environments influence  the  texture and composition of the  sands. 
These processes diagenetcally modify the sediment from their early 
compaction to  late-stage deeper burial.  During progressive burial, 
the  initial  size  and composition of sand bodies,  and pore water 
composition (i.e.,  saline, fresh, or mixed) play an important role in 
subsequent compositional and/or textural modification (Chilingarian, 
1983). 
Increasing pressure and temperature with depth of burial also 
influence diagenetic processes and effect  the pore-water chemistry. 
Burley  et  al.  (1985)  suggested  three  diagenetic  regimes  for 
siliciclastic  sandstones,  i.e.,  eogenetic, mesogenetic and telogenetic. 
This classification parallels  the terminology suggested for carbonate 
and clastic  rocks by earlier workers (Choquette and Pray,  1970; 
Schmidt and McDonald,  1979).  The eogenetic regime  is  mainly 
depositional  environment and  shallow  burial.  The mesogenetic 
regime corresponds to conditions associated with deep burial.  It  is 
characterized by increased pressure and temperature, and resulting 
changes in pore-water compositions.  These changes in pore-water 
then  are  related  to  the  processes  of  cementation  and/or 
decementation.  The telogenetic regime operates after uplift of strata 268 
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and is  characterized by lowered pressure and temperature.  In  this 
regime,  interstitial  water  is  mainly  meteoric.  Therefore,  overall 
conditions,  in contrast to  the mesogenetic regime, are oxidizing. 
follow this diagenetic regime classification for the present study. 
The Khojak sandstones display a variety of diagenetic features 
in  thin-section  and  scanning  electron  microscope (SEM)  studies. 
These  can  be  grouped  as:  1)  Compaction;  2)  Alteration;  3) 
Replacement; 4) Cementation; and 5) Decementation. 
Compaction 
Mechanical compaction during  eogenetic  and  partially  early 
mesogenetic burial  is  depicted by reduction of primary intergranular 
depositional  porosity  through  rearrangement  and  rotation  of 
framework grains in  the Khojak strata.  Framework sand grains are 
tightly  packed,  and  generally  display  straight  to  concave-convex 
grain boundaries.  Some ductile flakes of biotite and chlorite have 
been deformed and  contorted  around  or  between  adjacent more 
brittle grains such as quartz and feldspars.  Similarly the abundant 
argillites  and  low-grade  metamorphic  lithics  have  also  been 
plastically  deformed such  that  they  either  partially  wrap around 
brittle  framework  grains  and/or  have  flowed  into  primary 
intergranular spaces remaining after  initial  burial compaction.  The 
deformation of argillites and metamorphic lithics is so intense that  it 
is  difficult  to  differentiate  the  original  grain boundaries  in  thin-
sections  (Fig.  7.11-A).  Such deformation formed pseudomatrix 
(Dickinson,  1970)  in  Khojak  sandstones.  In  many  of  these 
sandstones,  the  lack  of intergranular  porosity,  rearrangement and 269 
rotation  of framework grains,  plastic  deformation of  lithics,  and 
formation of pseudomatrix, imply substantial compaction due to their 
deep burial.  This is one of the main diagenetic processes that has 
severly  reduced  porosity  and  permeability  in  these  siliciclastic 
sandstones. 
Alteration 
Diagenetic  features  resulting  from  chemical  alteration  of 
framework grains  vary among the  Khojak sandstones.  Different 
kinds of grain  alteration include:  1)  sericitization of feldspars;  2) 
argillation of feldspars, lithics, and detrital micas; and 3) alteration of 
biotite flakes to chlorite. 
Feldspars  in  Khojak  sandstones  consist  of  plagioclase, 
orthoclase, microcline, and perthite.  The most common diagenetic 
feature of the feldspar is  the formation of sericite.  Both orthoclase 
and plagioclase show development of sericite  (Figs. 7.11-B and C). 
The degree of sericitization  varies within the  stratigraphic column. 
At the low end, some sericite has developed along cleavage planes; at 
the  higher  end  individual  feldspar  grains  have  been  almost 
completely altered  to  a  granular mass of sericite and other clays. 
Only relic small patches and cleavage planes are present.  Overall, the 
plagioclase grains, compared with k-feldspar, show a greater degree 
of such alteration. 
Argillation of feldspar, rock fragments, and micas is  the other 
type of alteration.  The feldspars,  different  lithics, and micas have 
been altered to different clay minerals.  Volcanic rock fragments in 
the  Khojak  detritus  commonly  alter  to  chlorite  and  other  clay 270 
FIG. 7.11A: Photomicrograph showing crossed nicols view of fine 
sand-sized  sedimentary  and  low  grade  metamorphic 
framework  grains  in  the  Khojak sandstones  deformed  into 
pseudomatrix.  Note the diffuse grain boundaries of plastically 
deformed argillite and phyllite  lithics, and their flowage into 
intergranular pore spaces.  At places argillation of some lithics 
can also be seen. 
B:  Photomicrograph  illustrating  sericitization  of  orthoclase 
under crossed nicols.  Note the development of sericite along 
cleavage planes.  Also note  late-stage  partial replacement of 
some embayed irregular shaped quartz and  lithic framework 
grains and pseudomatrix by sparry calcite stained red. 
C: Closeup of selective development of sericite along cleavage 
planes of albite-twinned plagioclase under crossed nicols.  Note 
the patches of associated dark authigenic clays on feldspar. 
D: Crossed nicols view of scattered patches and spots of clays 
on orthoclase and biotite  along cleavage planes.  Abundant 
sparry calcite (stained red)  fills intergranular pores. 
E: Photomicrograph showing development of dark authigenic 
clay  patches and scattered  sericite  within plagioclase under 
crossed nicols.  Note the orientation of alteration patches along 
the cleavage planes. 
F:  Scanning  electron  microscope  (SEM)  photomicrograph 
illustrating  authigenic mixed layer (probably smectite-chlorite) 
clay  developed due  to  argillation  of  feldspar.  Note  the 
preferred orientation of clays on and along cleavage planes of 
the  feldspar.  Note the sparry calcite cement in lower right 
corner of the photomicrograph. 
G: Plane-polarized view of plagioclase being replaced by sparry 
calcite stained red. 271 
H:  Photomicrograph showing crossed nicols view of sparry 
calcite  replacement  of  orthoclase.  Also  note  the  partial 
embayment and replacement of monocrystalline  quartz  grain 
by calcite under the orthoclase. 
I:  Early chlorite clay-rim cement and quartz overgrowths (dust 
rings) in the Khojak sandstones under crossed nicols.  Note the 
subangular monocrystalline  quartz  grain  in  the  center  with 
quartz  overgrowths.  Also  note  the  replacement of quartz 
overgrowths by late-stage  chlorite cement below the  angular 
quartz grain in the center. 
J:  Scanning  electron  microscope  (SEM)  photomicrograph 
showing syntaxial overgrowth of large euhedral quartz crystals 
over early-stage rosettes of chlorite clay-rim cement. 
K: Photomicrograph  at  high magnification  illustrating  plane-
polarized  view  of  paragenetic  sequence  of  the  Khojak 
Formation  sandstones.  Note  the  monocrystalline  quartz 
framework grain with early chlorite cement beneath the quartz 
overgrowth.  Late-stage chlorite cement is  also present on the 
outer  boundaries  of  quartz  overgrowth  which  is,  in  turn, 
surrounded by sparry pore-filling calcite cement stained red. 
L:  Photomicrograph  illustrating  partial  dissolution  of some 
sparry  calcite  with rhombohedral cleavage and dark clay-rim 
cements forming minor secondary porosity  (blue dye) around 
lithic and other framework grains under plane-polarized light. E
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minerals.  Orthoclase and plagioclase have been altered to authigenic 
clays (Figs. 7.11-D and E).  SEM study suggests that these authigenic 
clays may be  a mixed layer  type,  possibly  smectite-chlorite  in 
composition (Fig.  7.11-F).  Similarly,  selective  argillation of micas 
occurs along cleavage planes.  Cialoritization  of biotite was also 
observed in a few thin-sections.  At places relic patches of altered 
brown biotite can still be recognized within chloritized grains.  These 
alterations appear to have formed before cementation by pore filling 
sparry  calcite,  and suggest changed subsurface  conditions due  to 
progressive burial.  Alternatively, some alteration may be the effect 
of  weathering  after  uplift  into  the  telogenetic  zone  and/or 
weathering in the source area prior to  their transportation and final 
burial.  However,  survival  of  such  altered  grains  during 
transportation  is  quite rare. 
Replacement 
Calcite replacement is one of the diagenetic features frequently 
observed in this study.  Different kinds of rock fragments, feldspar, 
and some quartz have been replaced by sparry calcite.  Orthoclase, 
plagioclase and lithics show different degrees of calcite replacement 
(Figs. 7.11-G, H and B).  Among rock fragments, volcanic lithics show 
common calcite  replacement.  Quartz grains, however, show very 
selective  dissolution along the  grain boundaries,  so  that they look 
nibbled and embayed (Fig. 7.11-H).  Calcite cement locally replace 
quartz overgrowths and chlorite clay-rim cements.  Calcite has also 
dissolved  a  substantial amount of pseudomatrix in some sandstones 
(Fig. 7.11-B). 279 
The development  of  late-stage  mesogenetic  calcite  and  its 
subsequent replacement  of framework  grains,  pseudomatrix,  and 
earlier clay and quartz cements also manifests a major change in the 
pore-water  chemistry,  and  increased  subsurface  pressure  and 
temperature.  The calcite which is  not stable  at  surface conditions 
due to  slightly acidic and oxidizing conditions became stable under 
these changed alkaline and more reducing conditions.  These changes 
could be related to progressive burial of the Khojak Formation. 
Cementation 
Three types of cement were observed during this  study,  i.e., 
quartz, chlorite clay-rim, and calcite.  There are two generations of 
well-crystallized  chlorite  clay-rim  cements.  Early-stage  chlorite 
cement  is  preserved  as  a  thin  green  clay  coat  that  separates 
monocrystalline  quartz  grains  from  their  syntaxial  quartz 
overgrowths (Fig. 7.11 -I).  This was seen in a few sandstones, where 
quartz overgrowths were well preserved.  Late-stage chlorite  clay-
rim cement is  present as  a  thin,  green-tinged clay coat enveloping 
framework grains in most thin-sections.  These include both types of 
monocrystalline  quartz  grains,  i.e.,  with  or  without  syntaxial 
overgrowths.  At places where sparry calcite has not replaced the 
late-stage  chlorite  cement,  its  small  pockets  are  also  preserved. 
Here,  late-stage  chlorite cement replaces  the  earlier  quartz cement 
(Fig. 7.114).  This paragenetic order implies that two episodes of 
chlorite  clay-rim  cement  occurred  before  and  after  syntaxial 
overgrowth on quartz grains in the Khojak sandstones. 280 
Quartz cement is preserved in a few thin-sections in the form 
of  scattered  patches  of  interparticle  cement between framework 
grains, and as quartz overgrowths on monocrystalline quartz grains 
(Fig.  7.11 -I).  Some quartz overgrowth  is  present  in most thin-
sections.  However,  the  degree  of  preservation  of  the  quartz 
overgrowth varies  greatly.  In most cases,  quartz overgrowths are 
very  poorly  preserved.  A few  thin-sections  are  substantially 
cemented by quartz  in  the  form of clear patchy  areas  between 
framework grains.  These patches, viewed under SEM, show the 
development of euhedral crystals of quartz overgrowth growing over 
early-stage, well crystallized chlorite rim cement (Fig. 7.11-J).  This 
textural and paragenetic relationship of the quartz cement suggests 
that  it was the second cement formed during early burial diagenesis 
of the Khojak sandstones. 
Sparry  calcite  is  the  third  type  of  cement,  and  varies 
volumetrically  in different thin-sections studied.  In most cases,  it  is 
present  as  small  scattered  pockets  between  framework  grains. 
However, in  other thin-sections  it  is  evenly distributed throughout 
and is an extensive cement (Fig. 7.11-B).  Calcite cement commonly 
surrounds framework grains with both chlorite clay-rim and quartz 
cements (Fig 7.11-K).  Sparry calcite has also locally replaced the 
earlier  cements,  pseudomatrix,  and  other framework  grains,  i.e., 
feldspars, different rock fragments, and quartz (Figs. 7.11-B, G, H, K). 
Such textural and paragenetic features suggest that calcite  is  a late-
stage mesogenetic cement in  the Khojak sandstones.  These three 
types of cements imply major changes in pore-water chemistry over 
a period of time during progressive burial. 281 
Decementation  and  Secondary  Porosity 
In  a few thin  sections,  partial dissolution of late-stage sparry 
calcite and earlier chlorite cements was also observed.  It was in the 
form of very small  scattered patches and within  the  intergranular 
areas as very thin elongated pores (Fig. 7.11-L).  Partial dissolution 
of calcite and other cements suggests that the pore-water chemistry 
once  again changed considerably,  and  the  sparry  calcite became 
unstable.  This abrupt change was probably related  to  uplift of the 
Khojak strata into the telegenetic regime. 
DISCUSSION 
Siliciclastic  sequences  eroded  from  various  plate  tectonic 
settings  not  only  contain  valuable  information  about  their 
provenance but also display contrasting petrofacies, excluding those 
derived from mixed sources.  These provenance interpretations can 
be used to reconstruct the paleogeographic and paleotectonic setting 
at any geologic time (Dickinson,  1985) when siliciclastic  sediments 
were being eroded,  transported,  and  finally  deposited.  Different 
mineralogical parameters analyzed  in  this  paper indicate  that  the 
sandstones  of the Khojak Formation  are  mostly meta-sedimentary 
litharenite, although sandstones from the Chaman and Gardab Manda 
locations are  slightly higher in feldspar.  Folk (1974) suggested a 
mio-exogeosynclinal  (fold-and-thrust-belts)  setting  for  sandstones 
that  are  rich  in  quartz  and metamorphic  and sedimentary rock 
fragments. 282 
Provenance of the Khojak Formation 
With the advent of plate  tectonic  theory, subsequent workers 
(e.g., Dickinson and Suczek, 1979; Ingersoll and Suczek, 1979; Zuffa, 
1980; Dickinson et  al.,  1983) have defined more precise mineralogical 
parameters  to  classify  sandstone  petrofacies  into  different 
provenance and basin types.  The QtFL diagram can be used for first 
order classification of sandstone detritus into  three tectonic settings: 
continental  block,  magmatic  arc,  and  recycled  orogen.  Khojak 
sandstones, which are rich in quartz, were derived from a recycled 
orogen.  The low  percentage  of  total  feldspar,  and  relatively 
moderate  abundance  of  meta-sedimentary  lithic  fragments  also 
support  this  interpretation.  The Himalayan orogenic  belt  was 
tectonically  active  when  these  quartzose  sediments  were  being 
eroded,  transported, and finally  deposited.  The general sandstone 
composition thus implies that the Himalayan orogenic belt was the 
main provenance of the Khojak detritus.  Sediment dispersal pattern 
to  the southwest also suggests the Himalayan orogenic belt  as  the 
likely source for the Khojak sandstones (Qayyum, et al., 1996 a,  b). 
The early Himalayan orogenic highlands were formed soon 
after the early Paleocene collision of the Indo-Pakistan subcontinent 
with Asia.  This led  to  the development of a transverse drainage 
system  along  the  east-west Himalayan orogenic  highland,  and  a 
longitudinal sediment dispersion  in  the adjacent northeast-southwest 
trending Katawaz remnant ocean.  The Katawaz delta and Khojak 
submarine fan were the result of this  longitudinal dispersal of the 
early Himalayan sediments in the Katawaz remnant ocean. 283 
To further subdivide the recycled orogen provenance, QmFLt 
parameters are used, which suggest that the Khojak sandstones from 
all locations except the Rud Faqirzai were derived from a transitional 
recycled  provenance.  The  sandstones  in  these  sections  contain 
relatively a higher percentage  of total  lithic fragments (Lt) including 
polycrystalline  quartz  (Qp).  The sandstone  detritus  in  the Rud 
Faqirzai  section  due  to  its  higher percentage  of monocrystalline 
quartz (Qm) and lower percentage  of  total  lithics  plots  in  the 
quartzose recycled area on the QmFLt diagram (Fig. 7.7).  Similarly, 
this section is rich in sedimentary lithics, and the mean value of the 
three major types of lithics  is Lm15Lv 1 Lsg4.  It is also interesting to 
note that the Murgha Faqirzai section is  the oldest section measured 
in the Katawaz basin.  This implies that during the late Eocene, there 
was  still  substantial  older  sedimentary  cover  left  in  the  early 
Himalayan orogenic highlands that was being systematically eroded. 
This  older  sedimentary  cover  was  mainly  composed  of 
compositionally mature quartz arenites and shales.  This older cover 
was probably derived from the Indo-Pakistan craton as suggested by 
the higher percentage of recycled monocrystalline quartz.  However, 
subsequently in  the Oligocene, continuous uplift and erosion of the 
Himalayan orogenic  highlands  had  progressively  exposed deeper 
parts  of the  highlands.  Therefore, low-grade metamorphic  lithics 
gradually  became  available  as  reflected  by  the  mean value  of 
Lm20Lv6Ls74 of overlying deltaic Shaigalu member at the Manzaki 
section.  The combined petrographic data from both sections show an 
overall upward decrease  in  the  percentage  of sedimentary  lithics 
(Ls), and a concurrent increase  in metamorphic (Lm) and volcanic 284 
(Lv) lithics.  Similarly, there  is an overall decrease in abundance of 
monocrystalline quartz (Qm) and increase  in  the  total  lithics  (Lt) 
percentages in the Khojak sandstones from the bottom of the Murgha 
Faqirzai section to the top of the Manzaki section (Fig. 7.12).  These 
changes can be related to the gradual uplift and deformation of the 
early  Himalayan  orogenic  highlands,  and  show  a  systematic 
unroofing trend during the early stages of the Himalayan orogeny. 
The QmPK plot shows that the percentage of monocrystalline 
quartz (Qm) is much greater than both plagioclase (P) and K-feldspar 
(Fig.  7.8).  Dickinson and Suczek (1979) have shown that detritus 
from subduction complexes,  collision  orogens, and foreland  uplift 
areas of the world generally has higher percentages of Qm and thus 
plots  near  the Qm pole.  This mineralogical  plot  also  provides 
additional evidence that the Khojak siliciclastic  detritus  is  recycled, 
and  was  derived  from  older  sedimentary  strata  in  the  early 
Himalayan orogenic highlands. 
Graham  et  al.  (1976)  and  Ingersoll  and  Suczek  (1979) 
suggested that QpLvmLsm and LmLvLs triangular plots  are useful 
tools  to  differentiate  detrital modes of suture  belts from magmatic 
arcs and rifted continental margins.  The low percentages of feldspar 
and  volcanic  lithics  compared  to  sedimentary  and  metamorphic 
lithics indicate that a magmatic arc was not the main source area for 
the Khojak sandstones detritus.  The LvLmLs diagram shows that the 
majority  of  lithics  are  sedimentary;  low-grade metamorphic types 
are the second most abundant lithics  in the Khojak sandstones.  It 
also  implies  that  this  detritus  was  derived  from  the  orogenic 
highlands  of  the  Himalayan  suture  belt  to  the  northeast,  where 285 
FIG.  7.12: Unroofing trend of the early Himalaya as depicted by 
changes in the percentages of monocrystalline quartz (Qm) and 
total lithics (Lt) from the bottom of the Rud Faqirzai to the top 
of the Manzaki stratigraphic sections.  These sandstone samples 
constitute a nearly complete stratigraphic section, excluding the 
uppermost part of the Khojak unit in the Katawaz basin.  The 
sample 91-N-351B represents the  top of the Murgha Faqirzai 
Member, and sample 91-N-1 marks the bottom of the Shaigalu 
Member. 0
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mainly  sedimentary  and  low-grade  metamorphic  rocks  were 
exposed.  Volcanic lithics  in combined Rud Faqirzai and Manzaki 
stratigraphic  sections  also register a  slight upward increase (Table 
7.3).  These  volcanic  lithics  were  probably  derived  from  the 
Himalayan suture  zone, where Kohistan Arc rocks were exposed. 
Therefore,  I  suggest  that  within  the  Himalayan recycled  orogen 
provenance, the majority of sand detritus was derived from the early 
Himalayan orogenic highlands, and only a minor contribution come 
from the Kohistan volcanic arc rocks and suture zone.  The other 
possibility  is  that  these  volcanic  clasts,  being  less  stable,  were 
systematically  eliminated  either  during  transportation  or  due  to 
subsequent diagenesis.  The contribution of orogenic highlands and to 
some extent of suture zone increased over time as reflected by the 
higher percentages of feldspar,  and high-grade metamorphic lithics 
in  the younger Siwaliks  (Critelli and Ingersoll,  1994) and modern 
Indus fan (Suczek and Ingersoll,  1985).  Some Khojak sandstones 
particularly from the Manzaki Section, also plot in  the overlapping 
hexagon  that  represents  Mixed Magmatic  Arc  and  subduction 
complexes (Fig.  7.9).  However, the mean LmLvLs values of all the 
sections plot in the suture belt zone, suggesting the Himalayan suture 
belt as the more probable source. 
In the QpLvmLsm plot,  all  the  sections plot in  the collision 
orogen  field  of  Dickinson  and  Suczek  (1979)  suggesting  the 
Himalayan recycled orogen  as  the  likely  provenance  (Fig.  7.10). 
However, compositional data from the Ashewat, Murgha Faqirzai, 
Manzaki, and Gardab Manda sections plot in the suture belts field of 
Ingersoll  and  Suczek  (1979).  The  three  Surkatch,  Sharankar 288 
Syncline, and Chaman localities,  however, plot  in  their combined 
subduction complex and magmatic arc  field.  Compared to  other 
sections,  the Sharankar Syncline and Surkatch locations show nearly 
5 %  increase  in  the  volcanic  and  metavolcanic  lithic  (Lvm) 
population,  and  all  three  sections show a  19 % decrease  in  the 
sedimentary  and  metamorphic  lithic  (Lsm)  population,  with 
concomitant increase in polycrystalline quartz (Qp) of nearly 14 %. 
suggest  that  the  detritus  of these  sections  also came from  the 
Himalayan orogenic highlands and suture belt.  However, this  slight 
change in  the composition can be related  to  the fewer number of 
sandstone samples from these localities.  Because a few sandstone 
beds from both the Rud Faqirzai and Manzaki sections have up to 
39 % of Qp and have comparable QpLvmLsm ratios as seen in these 
three sections (Table 7.3).  Similarly, these sandstones also plot in the 
subduction complex and magmatic arc zone (Fig. 7.10).  Their mean 
values, however, plot in the suture belt zone.  Alternatively,  if the 
samples from these three locations are younger,  i.e.,  late Oligocene-
early Miocene, then this change in composition could be related to 
the gradual increase in deformation and unroofing of deeper zones in 
the Himalayan suture belt.  As a result, the granitic and granodiorite 
bodies associated with the Kohistan arc were exposed and started to 
contribute more Qp.  For this more precise age data are required, but 
are presently lacking. 
Detrital Modes of the western Himalaya in Time and Space 
The early Himalayan orogenic highlands were formed in  the 
early Paleocene; and since then, these mountains have been shedding 
I 289 
sediments (Garzanti, et  al.,  1996, Qayyum et  al.,  1996a).  Part of the 
oldest  sediments  that  were  eroded  from  the  early  Himalayan 
orogenic highlands during middle Eocene to early Miocene time were 
deposited as the Murree Molasse in the Himalayan foredeep area of 
the Indo-Pakistan subcontinent (Bossart and Ottiger,  1989).  The rest 
of these  siliciclastic  sediments were longitudinally dispersed in  the 
Katawaz remnant ocean  to  form  a  delta-submarine  fan complex 
(Qayyum et  al.,  1996 a,  b).  This implies that during Paleogene the 
Katawaz basin was the main depocenter of the Himalayan detritus 
(Fig.  7.13).  The 6,300 m thick Khojak Formation in  the Katawaz 
basin  now  represents  these  marine  sediments  that  are  age 
equivalent to the fluvial Murree red-beds on the subcontinent.  After 
the end of the early Miocene, the sediment dispersal pattern changed 
when the  course  of the  proto-Indus River  shifted  to  its  present 
position.  Himalayan sediments reached the modern Indian Ocean for 
the first time (Davies et al.,  1995).  Under this new arrangement, the 
fluvial system started depositing part of the Himalayan detritus  as 
the Siwaliks Molasse on the Indo-Pakistan subcontinent; the rest of 
the  sediment accumulated  as  the  Indus  delta and submarine fan 
system.  These two features are thus coeval. 
This age relationship implies that the Khojak Formation is  the 
marine equivalent to the fluvial Murree Formation.  Both formations 
also have comparable detrital modes.  The QtFL percentages of the 
Murree sandstones are  66, 8, 26 (Critelli and Garzanti,  1994) while 
that of Khojak sandstones are 60, 9, 31.  Similarly, the sandstones of 
Panjgur Formation that represent the uppermost part of the Khojak 
Formation in the Makran area, farther to the south, have 53, 11, 36 290 
FIG. 7.13: Schematic diagram showing the paleogeographic  setting
of the  Indo-Pakistan subcontinent,  Eurasia, and the Katawaz 
Delta and Khojak submarine fan.  The Katawaz Ocean was a 
remnant of the Neo-Tethys Ocean that closed due to northward 
collision  of  the  Indo-Pakistan  subcontinent  with  Eurasia, 
forming the early Himalaya.  Note the transverse drainage in 
the  early  Himalaya orogenic  highlands  that  transported  the 
early Himalayan detritus westward to the Katawaz delta.  The 
Katawaz delta longitudinally dispersed the Himalayan detritus 
in  the  Katawaz remnant ocean, accumulated  as  the Khojak 
submarine fan.  Note that  the  highlands  to  the  east of the 
Katawaz remnant ocean also contributed their detritus, which is 
mainly restricted  to  the eastern margin of the Katawaz basin.
This detritus is now preserved in the lower part of the Gardab 
Manda section,  informally  called  the  Sharankar  unit.  The 
Muslimbagh  ophiolites  and  related  mélanges,  and  Nisai 
Limestone mainly constituted these  highlands, and they  also 
acted as the drainage divide. 291 
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percentages  (Critelli  et  al.,  1990).  The Siwaliks and their marine 
equivalent  Indus  submarine  fan  also  have  comparable  QtFL 
percentages.  The percentages  are 48,18,34  (Critelli  and Ingersoll 
(1994)  and  43,30,27  (Suczek  and  Ingersoll  (1985)  respectively. 
Compared with the Khojak Formation and Murrees molasse both the 
Siwaliks and Indus fan sands show lower percentages of total quartz, 
and higher percentages of feldspar.  Although the lithic percentages 
remain the  same,  the above petrofacies  studies show that  during 
most of the Paleogene only sedimentary and low-grade metamorphic 
lithics were present in the Himalayan detritus.  During the Neogene, 
however, high-grade metamorphic  lithics became dominant.  This 
overall decrease in  total  quartz and increase  in  feldspar combined 
with  the  change  from  low- to  high-grade  metamorphic  lithics 
documents the gradual erosion and unroofing of the Himalaya.  This 
progressive  erosion  systematically  deroofed  the  Himalaya,  and 
exposed  the  deeply  buried  high-grade metamorphic and plutonic 
rocks to the surface.  Thus, the detrital modes of the Murrees, Khojak, 
Siwaliks, and Indus Fan not only record unroofing sequence of the 
western Himalaya (Fig. 7.14), but also are related in time and space. 
Lower Gardab Manda Section 
An interesting exception  to  the  overall  petrofacies  data was 
observed in the lower, approximately 500 m thick, sandstone of the 
Gardab Manda section (Fig.  7.2).  Field investigations revealed that 
the Gardab Manda section  in  its  lower part,  compared with  the 
overall Khojak contains more coarse-grained beds.  These pebble-
cobble conglomerates and pebbly sandstones are mainly composed of 293 
Qt
 
FIG. 7.14: QtFL diagram of the Murree, Khojak Formation, Siwalik 
Group of Pakistan, and Indus submarine fan showing overall 
unroofing trend of the Himalaya.  Note the overall decrease in 
the percentages of total quartz, and increase in  the  lithics and 
particularly  feldspar  as  more  deeply  buried  rocks  were 
exposed due to  progressive unroofing of the Himalaya.  Text 
gives sources of data. 294 
ophiolite,  red  chert,  limestone.  basalt,  and other  volcanic  clasts. 
These are channel-shaped and scoured into the associated sandstone 
and shale sequences.  These sandstones are also rich in  lithics, and 
appear bluish  gray  to  light  blue on false-color Landsat imagery 
(Qayyum et  al.,  1994b and Chapter 2)).  Other Khojak sandstones 
appear greenish gray and brown, depending on the lithofacies, on the 
same Landsat imagery.  Similar horizons were also seen throughout 
the  Sharankar syncline  section,  and Landsat studies  suggest  that 
similar bluish gray sandstones also constitute the base of Sharankar 
syncline section.  These two sections  are located  in  central and 
southern parts of the major Sharankar syncline.  This long structure, 
approximately 90 km along its  axis,  is located along the southeastern 
edge of the basin. 
The bottom three samples (91-N-92, -125, -138) represent the 
lower 500 m of the Gardab Manda section (Table 7.2).  The N-92 is a 
fine- to medium-grained sandstone;  the  other two contain poorly 
sorted medium sand to pebble size clasts.  These pebble sized clasts 
are  subangular  to  subrounded and  are  matrix  supported.  Thin-
section petrography shows  (Fig.  7.15)  that  these  sandstones  are 
characterized by higher percentages of serpentinite  (9-24 %) chert 
(3-11 %) and limestone clasts (2-21 %).  These rocks are also rich in 
lithics  (61-71 %)  and  poor  in  total  quartz  (24-28 %).  Mean 
percentages of various recalculated parameters for the three samples 
are:  Q26F10L 64 Q m 10_ F  Lt  Qm47P51K2, Lm29Lv32Ls39, 
Qp 14Lv m501., sm36 (Table 3).  Compared with the rest of the Khojak 
Formation, these are low in total quartz (Qt) and much higher in the 
lithics (L) particularly metavolcanic (Lvm).  Among lithics, volcanic 295 
FIG.  7.15:  Photomicrographs  of  different  framework  grains 
associated  with  the  Sharankar  unit  (lower  Gardab Manda 
section) and their prominent features. 
A & B:  Photomicrograph showing  the  overwhelmingly  rich 
volcanic and metavolcanic  lithic  population of the  Sharankar 
unit, in contrast with typical Khojak Formation detritus that  is 
rich  in  monocrystalline  quartz,  sedimentary and metamorphic 
lithics.  Note  that  serpentinite,  metavolcanic  lithics  with 
lathwork  texture,  and  radiolarian  chert  are  the  dominant 
constituents of this informal unit.  Both plain polarized light (A) 
and cross-nicols (B) views are shown. 
C: Photomicrograph showing a mafic epidotized metavolcanic 
lithic with lathwork texture.  Olivine, pyroxene and plagioclase 
laths  are the prominent constituents. 
D: A broken clast of ultramafic  (peridotite  or pyroxenite ?)
rock fragment mainly composed  of  olivine  and  pyroxene. 
Micrite calcite cement stained red. O
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lithics  are  slightly  less  abundant  than  sedimentary.  Similarly, 
volcanic  and metavolcanic  lithics  are  almost equal  to  combined 
polycrystalline quartz (Qp), and sedimentary and metamorphic lithics 
(Lsm).  This  is  because of the higher percentages of serpentinite 
clasts.  The combined mean value (i.e., Q26F101-64)  is quite different 
from the similar value  for the Khojak Formation, i.e., ,60_ o F9_31. On all 
the ternary diagrams  (Figs.  7.5-10) samples from the lower Gardab 
Manda  section  plot  in  separate  fields  from  the  other  Khojak 
sandstones.  On the QtFL diagram they plot in transitional arc region, 
on QmFLt plot in the lithic recycled and undissected arc region, on 
QmPK plot  in  the  circum-pacific  volcanoplutonic  suites  field. 
Similarly, on the LmLvLs and QpLvmLsm diagrams plot in or close to 
mixed magmatic arc  and subduction complexes,  and magmatic arc 
fields,  respectively. 
More data are obviously required  to deal with  this problem. 
However,  the  present  data show  that  these  three  sandstone and 
pebbly sandstone samples were definitely derived from a  different 
provenance than  the  other  facies  of the Khojak Formation.  The 
presence  of  foramineferal  limestone,  serpentinite,  peridotites, 
radiolarian chert and metabasalt clasts, the larger clast size, and their 
angularity suggest that these were not derived from a very distant 
source.  The Gardab Manda section is located along the outer eastern 
edge of the Katawaz basin,  and unconformably overlies  the  Nisai 
limestone.  Farther east Muslimbagh Ophiolites and related mélanges 
are exposed.  Therefore, a local eastern source seems most likely for 
these sandstone samples.  The Muslimbagh Ophiolite complex was 
tectonically  emplaced on  top  of deformed Mesozoic Gondwana 299 
passive margin strata during Paleocene-early Eocene time (Allemann, 
1979).  The lower to middle Eocene Nisai limestone was deposited 
unconformably over these ophiolites.  The unique petrofacies of the 
lower Gardab Manda section implies that these ophiolitic and marine 
carbonate rocks were available as  a  local source, when the mainly 
Oligocene lower Gardab Manda section was deposited.  These coarse-
grained facies interfinger with typical Khojak lithofacies higher in the 
section.  This unit reflects alluvial fans originating from these local 
rugged highlands (Fig. 7.13).  These alluvial fans probably brought in 
the  coarser-grained,  compositionally immature detritus  that  is now 
preserved  in  the  lower Gardab Manda and  Sharankar  syncline 
sections.  Therefore,  I  conclude  that  this  detritus  was probably 
derived from the east, from the Muslimbagh ophiolite complex.  This 
local  petrofacies  has been informally named the  Sharankar  unit, 
because  it  crops out only within the Sharankar syncline.  Further 
work on this petrofacies could shed new light on the detrital modes 
of  the  ophiolitic  mélanges obducted on passive margins.  Such 
examples are currently lacking in the literature. 
Comparison with  the  Appalachian-Black  Warrior-Ouachita 
System 
Studies  in  the  Paleozoic Black Warrior Basin and Ouachita 
Mountains in the USA (Graham et al., 1976) and the Cenozoic Katawaz 
basin of Pakistan (Qayyum et  al.,  1994 a,  b, 1996 a,  b, 1997) suggest 
that  both  have  similar,  longitudinal  sediment  dispersal  patterns. 
Sediments were initially  transversely derived from the Appalachian 
and Himalayan mountain  ranges,  respectively  and  longitudinally 300 
transported and deposited in closing, remnant basins.  The tectonic 
setting for both regions has been compared to the modern Himalaya­
Ganges-Brahmaputra delta-Bengal submarine fan sediment dispersal 
pattern (Graham et  al.,  1975) on the  eastern margin of the Indo-
Pakistan subcontinent (Fig.  7.1). 
Graham et  al.  (1976) suggested that some of the Appalachian 
sandstone  detritus  was  deposited  in  shallow  marine,  deltaic 
environments.  These marine carboniferous  strata are now exposed 
in the Black Warrior Basin.  The rest of this fine to medium grained 
sandstone detritus was longitudinally dispersed as turbidites to form 
a  major deep  sea  fan  in  the  closing  Ouachita remnant ocean. 
Subsequent  Pennsylvanian  (late  Carboniferous)  collision  of  a 
southern  terrane  with North American closed  this  remnant ocean. 
The highly deformed and thrust faulted submarine fan sequence  is 
now exposed in the Ouachita Mountains.  Average detrital modes of 
the Black Warrior Basin and the Ouachita System are Q62F6L32, and 
Q79F3L 1 8, respectively.  These strata are rich in quartz, sedimentary 
and metamorphic lithics  are  subordinate, and feldspar and volcanic 
lithics  are  a  minor component.  This  axially  fed  detritus  was 
interpreted by Graham et  al.  (1975)  to have been derived from a 
recycled orogen. 
My QFL data show that  the average composition of Khojak 
sandstones (i.e., Q6oF9L31) is similar to the composition of sandstones 
in  the Black Warrior Basin.  Our petrofacies  data  are  generally 
comparable to that of the Black Warrior Basin and Ouachita system, 
although the abundance of quartz  is higher in  the Ouachita system. 
Graham et  al.  (1976) speculated that  this increase could be due to 301 
gradual  destruction  of  lithics  (L)  during  transportation  and  the 
addition of polycrystalline quartz (Qp) from the Illinois Basin of the 
central United States.  In  the Katawaz basin, between the  deltaic 
Shaigalu and  turbiditic Murgha Faqirzai Members the percentages 
remain  relatively  constant.  I  infer  that  the  Katawaz-Himalayan 
system was much more integrated, and did not receive significant 
recycled  detritus  from  either  the  Indian  craton  or  the  adjacent 
Afghan block.  However, the ophiolitic belt to the east contributed 
some coarse ultramafic and carbonate detritus in the Oligocene, but it 
was restricted to the eastern margin of the Katawaz remnant ocean. 
These ophiolitic highlands also acted as  a drainage divide between 
the  Katawaz remnant  ocean  and  Indo-Pakistan  craton.  Minor 
contribution from the Afghan block is another possibility.  Even if the 
Khojak Formation  received  any  sediment  contribution  from  the 
Afghanistan side,  its  overall effect remained insignificant.  Such an 
enormous amount of detritus was coming off the early Himalayan 
orogenic highlands; minor contribution from the Afghan block, if any, 
was not sufficient to alter the original QFL ratios of the detritus. 
Similar QpLvmLsm percentages from the Black Warrior Basin 
(i.e.,  36,  5, 59 %) and the Ouachita system (i.e.,  39, 3, 58 %) imply 
that  these  sedimentary and metamorphic  lithics  (Lsm)  are much 
more abundant than polycrystalline quartz  (Qp), and volcanic and 
metavolcanic  lithics  (Lvm).  The Lvm are  not more than  5 %. 
Graham et  al.  (1975) interpreted that sedimentary and metamorphic 
rocks of the Appalachian suture belt were the source rocks of the 
Black  Warrior  and  Ouachita  detritus.  My petrofacies  data 
Q p ,)4L v m 6L s m70 also show a similar trend.  In this  case,  lithics 302 
percentage  is  slightly  higher  while  quartz  percentage  is  slightly 
lower.  Both data sets. however, show similar trends and a recycled 
orogenic provenance. 
Overall,  all  these comparisons imply that the  tectonic  setting, 
dispersal  patterns,  and  composition  of  the  Appalachians-Black 
Warrior  Basin-Ouachita  system  of  the USA and  the  Himalaya-
Katawaz system of Pakistan are very similar.  Therefore,  I  suggest 
that  the  Carboniferous Appalachian-Black Warrior Basin-Ouachita 
system  provides  a  tectonic  analog  for  the  Paleogene Himalaya-
Katawaz  system.  In  this  case  the  Appalachian mountains  are 
analogous to the Himalaya orogenic belt.  The Black Warrior Basin of 
Alabama and Mississippi  is  equivalent to  the northern and central 
part of the Katawaz basin in both Afghanistan and Pakistan.  The 
flysch deposits of the Ouachita system of Arkansas and Oklahoma are 
analogous to the rest of the Katawaz basin that extends farther south 
in the Makran area. 
Paragenetic  Sequence 
The textural relationships between different framework grains, 
development of authigenic minerals, and three  types of cement in 
thin-section  and SEM studies  suggest  the  following  paragenetic 
sequence  for  the  Khojak  sandstones:  1)  early-stage  mechanical 
compaction and rearrangement of framework grains;  2) formation of 
early chlorite clay-rim cement;  3) formation of quartz overgrowths; 
4) dissolution of quartz overgrowths 5)  Alteration of feldspars and 
rock fragments to authigenic micas and clays;  6) formation of late-
stage chlorite clay-rim cement; 7) formation of sparry calcite cement; 303 
FIG. 7.16: Diagram of paragenetic sequence of the Khojak Formation 
sandstones.  Note  the  change  in  diagenetic  features  with 
respect  to  time,  depth and temperature.  The arrows show 
direction  of  progressive  increase  in  these  parameters. 
However,  for  telogenetic  regime  depth  and  temperature 
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8)  partial  calcite replacement of feldspars, rock fragments, and to 
some extent quartz also; and finally 9) decementation.  Figure 7.16 
graphically summarizes this  paragenetic sequence in terms of time, 
depth and temperature. 
The compactability of sands is  a complex function of numerous 
variables, the most important of which are grain size,  sorting, shape 
and orientation of grains,  matrix content, and cements (Wolf and 
Chilingarian,  1976).  Rearrangement,  rotation,  plastic  deformation 
and breakage  of  grains  are  the  processes  related  to  mechanical 
compaction  (Chilingarian,  1983).  Mechanical  compaction  and 
rearrangement of different framework grains of the Khojak detritus 
were the  first  diagenetic changes and occurred immediately  after 
deposition.  Due to  plastic deformation of ductile rock fragments 
(largely  argillites,  phyllites and mica schist)  and rearrangement of 
framework grains, pseudomatrix was formed.  During the late-stages 
of mechanical compaction and rearrangement of framework grains 
early chlorite clay-rim cement developed.  A thin coat of this early 
authigenic chlorite cement is preserved under quartz overgrowths on 
some grains.  Burley  et  al.  (1985) suggested  that development of 
authigenic chlorite  is one of the important reactions that take place 
in the eogenetic zone.  The source of this early chlorite cement was 
probably early authigenesis of volcanic and low-grade metamorphic 
rock fragments in the Khojak detritus. 
Subsequently,  quartz cement and syntaxial overgrowths were 
formed in  the Khojak sandstones due to progressive burial.  Blatt 
(1979)  suggested  that most  silica  cementation occurs  at  shallow 
depths.  For example, the oxygen isotope data for the Travis Peak 306 
Formation suggest that quartz cement formed at burial depths of  1­
1.5 km and 55-75° C temperature  conditions  (Dutton  and  Diggs, 
1990).  This implies that most quartz cement in the Khojak Formation 
occurred  at  moderately  shallow  burial  depths  and  under  low 
temperature conditions.  According to  Burley  et  al.  (1985),  these 
conditions manifest late eogenetic to early mesogenetic regimes.  The 
source of silica was probably recycled detrital monocrystalline quartz 
grains from the  early Himalayan orogenic highlands.  Blatt (1979) 
demonstrated  that  fluvial  water  generally  contains  an  average 
13 ppm dissolved  silica,  which  is  adequate  to  initiate  syntaxial 
overgrowth of quartz.  However, large volumes of such dilute water 
would have  to  pass  through  the  sediment pores  to  precipitate  a 
significant amount of quartz cement.  The major fluvial system that 
transported the Khojak detritus  in  the Katawaz remnant ocean was 
probably rich in dissolved  silica because the fluvial system in the 
early  Himalayan orogenic  highlands  drained  mainly  sedimentary 
rocks rich in monocrystalline quartz.  However, in the deeper marine 
facies, i.e., Murgha Faqirzai Member dissolution of more soluble opal-
A from siliceous microorganisms such  as  diatoms,  radiolaria,  and 
sponge spicules would have provided additional sources  of  silica. 
Some early chloritization of volcanic rock fragments,  biotite, mica 
schist,  and  later  clay  and  calcite  alteration  of feldspar may be 
additional sources of glassy dissolved silica. 
Further  burial  partially  dissolved  this  early  quartz  cement, 
because silica  solubility  is  directly proportional  to  the  increase  in 
hydrostatic  pressure,  subsurface  temperature  (Dapples,  1979),  and 
pH of the pore-water (Blatt et  al.,  1980).  This change in subsurface 307 
conditions  continued  to  destabilize  the  chemically  unstable 
framework  grains  and  accelerated  different  alteration  processes. 
Further  alteration  of  volcanic,  metamorphic  and  argillite  lithics 
probably formed the  late-stage chlorite clay-rim cement that locally 
envelopes the quartz overgrowths.  Argillation of feldspar and micas 
took place during  this  time.  Alteration processes continued with 
progressive  burial  until  the  subsurface  conditions  changed  and 
sparry  calcite  started  to  precipitate.  The alteration processes  that 
were  operating  before  introduction  of  sparry  calcite  abruptly 
stopped as depicted by the partial calcite replacement of framework 
grains  and  their  alteration  products.  Deeper  burial  in  the 
mesogenetic  reime  caused  not  only  dissolution  of  the  clay-rim 
cement but also  selective  calcite replacement of pseudomatrix and 
certain  framework grains,  such  as  feldspar  and rock fragments. 
Calcite cement also  selectively replaced some of the  older quartz 
overgrowths and clay-rim cements.  Due to subsequent progressive 
burial,  calcite  also  started  to  corrode  the  outer surfaces of some 
detrital  quartz  grains  as  portrayed  by  nibbled  and  embayed 
irregular quartz grain boundaries.  However, while this process was 
in  operation, early Miocene tectonic deformation uplifted the rocks 
and the process stoped.  Due to upl ft and the introduction of slightly 
acidic meteoric water and colder  empertatures in  the  teleogenetic 
zone, the pore water chemistry cha ged considerably as depicted by 
partial  dissolution  of  calcite  c  ment.  This  resulted  in  the 
development of minor secondary p  rosity.  Alteration and oxidation 
of iron-bearing minerals due to  su  face weathering have occured at 308 
this time.  Small patches of hematite cement formed as a result of 
this alteration in few thin-sections. 
Reservoir  Potential 
Most Khojak sandstones are tightly cemented either by chlorite 
clay-rim  and/or  sparry  calcite,  and  contain  almost  no  primary 
porosity.  Primary porosity also has been almost eliminated due to 
compaction and rearrangement of framework grains,  and formation 
of extensive pseudomatrix in sandstones.  The presence of argillites 
and low-grade metamorphic rock fragments has played a significant 
role  in  the  formation of pseudomatrix, and directly reducing  the 
primary porosity.  Houseknecht (1987)  suggested  that mechanical 
compaction can cause ten percent porosity  loss  in sands that  are 
well-sorted and devoid of ductile lithic population.  However, poorly 
sorted  sands  with  abundant  ductile  metamorpic and  sedimentary 
rock fragments, such as in the Khojak sandstones, may undergo a 
greater percentage change in porosity when compacted. 
Development of authigenic chlorite further destroyed any pore 
space  that  remained  after  initial  compaction.  Minor secondary 
porosity  that  developed due  to  partial  dissolution  of framework 
grains such as feldspar was almost completely filled when late-stage 
calcite cement was formed.  However, traces of secondary porosity, 
due to partial dissolution of framework grains and different cements, 
particularly chlorite and calcite, was observed in some thin-sections. 
Similarly, SEM study shows that minor secondary porosity  is  also 
associated with the argillation of feldspar grains (Fig. 7.11-F).  This 
may be associated with uplift of the Khojak siliciclastic strata into the 309 
telogenetic  zone.  Due to  this  uplift  the chemistry of pore-water 
changed drastically and caused dissolution. 
The  only  significant  porosity  that may be  present  in  the 
subsurface  is  fracture porosity  Field investigations show that  the 
Khojak Formation is well-jointed.  These have two major joints  sets 
that are rougly oriented NNW-SSE and NE-SW.  These joint sets are 
associated with the intense folding and thrusting of the Khojak strata, 
and therefore should be present in  the  subsurface.  This fracture 
porosity can potentially  play  a  significant  role  in  modifying  the 
reservoir quality of the Khojak sandstones. 
CONCLUSIONS 
The Khojak Formation  is composed of recycled quartzose  to 
low-grade  metamorphic  detritus  that  was  shed  from  the  early 
Himalaya orogenic  belt.  The Khojak detritus  implies  that mainly 
sedimentary and low-grade metamorphic rocks were exposed in  the 
Himalayan orogenic highlands during Paleogene.  Low percentages of 
feldspar and volcanic lithics eliminate the Kohistan magmatic arc as a 
major source of the Khojak strata.  This fine to medium sand detritus 
was  transported  transversely  from  the  early  Himalayan orogenic 
highlands  to  the  northeast, and longitudinally dispersed to form a 
huge delta-submarine fan continuum in the Katawaz remnant ocean, 
comparable to  the modern Indus delta-submarine complex. 
A progressive unroofing trend of the early Himalaya during the 
Paleogene  is  suggested by an  overall  decrease  in  monocrystalline 
quartz and increase in the total lithics from the bottom of the Rud 
Faqirzai to the top of the Manzaki stratigraphic sections.  Increasing 310 
feldspar abundance  in  the known detrital  modes of  the  younger 
Siwaliks and Indus submarine fan suggest the continuation of this 
deroofing trend through the Neogene as  the  granitic  batholiths and 
high-grade  gneissic  terranes  were  gradually  exposed  in  the 
Himalaya.  Therefore,  the  detrital modes of the Murrees, Khojak, 
Siwaliks,  and Indus fan record  the  progressive unroofing of the 
Himalaya in an integrated time and space framework. 
Compaction,  different kinds of alteration and replacement of 
framework grains, and three types of cements.  i.e.,  chlorite, quartz 
and  calcite,  are  different  diagenetic  features  observed.  These 
features  suggest  a complex paragenetic  sequence related  to  their 
progressive burial.  Partial dissolution of late stage calcite cement is 
due to subsequent uplift of the Khojak strata. 
In  terms  of  plate  tectonic  setting,  longitudinal  sediment 
dispersal pattern, and detrital modes of the Khojak Formation in the 
Katawaz basin and Makran area, the Himalaya-Katawaz system is  a 
Paleogene analog  of the  Carboniferous Appalachian-Black Warrior 
Basin -Ouachita system of North America. 
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Summary 318 
The Katawaz basin, due to  its geographic and geologic position, 
provides  a  unique opportunity  to  study:  a  carbonate  depositional 
system  that  transgressively  deposited on  the  structural  highs and 
lows formed due to the ophiolite emplacement on a passive margin; a 
major  deltaic  system  that  prograded  into  a  remnant ocean and 
longitudinally  fed  a  major  submarine  fan;  detrital  modes  and 
diagenetic history of sediments derived from orogenic highlands  at 
an  early  stage  of  continental  collision;  a  molasse-delta-flysch 
continuum associated with an orogeny and their relationship in time 
and space;  and finally closure  of a remnant ocean in  a  scissors 
fashion due to an oblique collision.  Digital image processing of the 
remotely sensed Landsat data and reflectance spectrometer analysis 
are also combined with other geologic techniques to study different 
spectral aspects of the Katawaz sequence, and lateral continuity of its 
different rock units  in  the basin.  The important findings of this 
multidiciplinary study are summarized as follows: 
Integration  of  field,  petrographic,  laboratory  spectral,  and 
remotely  sensed  data  with  different  digital  image  processing 
techniques provide  a  very powerful tool  to  explore  the Katawaz 
basin.  Maximum discrimination of different rock units  is achieved 
by displaying the bands 5,  4, and 2 in red, green and blue colors, 319 
respectively.  However,  this  band combination  is  not  suitable  to 
differentiate the sandstone beds within the Nisai Formation.  These 
beds  are  differentiated by using bands 7  (R),  4 (G) and 2  (B). 
Petrographic analysis confirm that tonal contrast of the Shaigalu and 
lower Sharankar units on the Landsat imagery with bands 5 (R), 4(G), 
and 2(B) is because of the difference in their composition. 
The use  of laboratory  spectral  analyses  also  confirm  that 
overall  percentage  of reflectivity  can be  applied  to  differentiate 
lithofacies  within Nisai Formation, by using the image brightness 
recorded by the  satellite.  Laboratory spectral measurements suggest 
that  different shallow water and source rock lithofacies  of Nisai 
Formation are best discriminated in the lower wavelength spectrum 
from 0.45  to  0.90 m represented by TM bands  1,  2,  3,  and 4. 
Taking advantage  of  this  information,  carbonate  and  siliciclastic 
lithologies  of the  Nisai Formation are  differentiated by using 7/5 
ratio combined with 3/2 and displayed in red and blue, respectively. 
Overall maximum spectral contrast of the Nisai lithofacies is achieved 
by using band ratios 7/5, 4/3 and 3/2, when displayed in red, green 
and blue, respectively.  Similarly, identification and separation of the 
channel sandstones, within Shaigalu member, from Nisai Formation 
becomes only possible when their laboratory  spectral measurements 
are  analyzed  and  their  results  are  incorporated  in  the  image 
processing.  Therefore,  future image processing should be combined 
with  the  spectral  analysis,  whenever representative  samples  are 
available from the field work. 
Sedimentologic and tectonic  analysis  of the  Nisai Formation 
suggests that its  eight marine lithofacies were deposited in shallow­320 
water platform,  slope,  and basinal environments.  Benthic foram, 
calcareous  red  algae,  pelecypodes and echinoid  bearing,  nodular, 
thickening- and  shoaling-upward  packstones  were  deposited  on 
carbonate  platform  in  shoaling  tropical  marine  and  near  shore 
environment characterized by periodic storm wave and tidal  action. 
The  rhymically  bedded  sequence  of  carbonate  turbidites  and 
interbedded  organic  rich,  pelagic  wackestones  and  marls  were 
deposited on the lower-middle slope in  the oxygen minimum zone, 
while pelagic periplatform sedimentation dominated the upper slope. 
The thick sequence of olive-brown  to  light olive-gray  shales and 
minor turbidites represents basin  floor environment.  These shales 
probably indicate plumes of muddy water (nepholiod layer) brought 
into the basin by a fluvial system. 
Newly identified  late  Paleocene benthic forams  in  the Nisai 
Formation (Wells, written commun.) imply that  the  ophiolites were 
emplaced on  the  western passive margin during  early  Paleocene 
time.  Thus, new age data further bracket the timing of ophiolite 
emplacement.  The  early  Paleocene  emplacement  of  ophiolites 
created structural highs and lows on the western passive margin of 
the subcontinent.  Nisai carbonate platform facies developed on the 
shallow water structural highs.  The lows, depending on their depth, 
accommodated different Nisai basinal facies.  The carbonate slope 
facies developed on either side of the horst blocks.  This horst and 
graben geometry of the ophiolitic basement had profound effect on 
the thickness distribution and development of Nisai lithofacies in the 
Katawaz basin.  Subsequent deformation related  to  closure of the 
Katawaz basin has further complicated the stratigraphic relationships 321 
by either truncating or duplicating these lithofacies.  The ophiolites 
emplacement  also  changed  the  open  shelf  environment  of  the 
western  passive  margin  of  the  Indo-Pakistan  subcontinent  to 
restricted marine as recorded by the Ghazij Formation in the Kohat, 
Sulaiman and  Kirthar Ranges.  The paleo-topography created  in 
conjunction  with  this  emplacement  also  changed  the  paleoflow 
direction in the Indo-Pakistan platform area. 
Sedimentologic and tectonic  analysis  of the Khojak Formation 
reveals  a  spectrum  of  lithofacies  ranging  from  deltaic  to  upper 
continental slope.  The Murgha Faqirzai and Shaighalu members are 
the  missing  deltaic-upper  continental  slope  component  in  the 
flysch/delta/molasse continuum in  the Katawaz basin for the oblique 
remnant ocean closure during the early stages of continental collision. 
The Katawaz delta received sediments from an ancestral proto-Indus 
River  that  drained  the  early  Himalayan  orogenic  highlands  and 
longitudinally fed turbidity currents to form a large Khojak submarine 
fan  in  the Katawaz ocean,  a newly identified remnant of the Neo-
Tethys.  The  proposed  fluvial  dominated  and  wave  modified 
sedimentologic model  is  a Paleogene analog of the modern Indus 
River/delta/submarine  fan.  Furthermore,  it  also  implies  that  the 
Paleogene Katawaz delta and Khojak submarine-fan continuum is  in 
fact  the  paleo-Indus  delta-fan  complex  missing from  the  present 
Indian Ocean. 
The molasse,  delta,  and submarine fan deposition associated 
with the Himalayan orogeny are not only related in time but also in 
space.  The Himalayan  siliciclastic  sediments,  regardless  of their 
mode of deposition on a continent or in an ocean, contain a complete 322 
and independent  record  of  an  orogeny.  A part  of  the  early 
siliciclastic  sediments eroded from Himalayan orogenic  highlands 
deposited as the Indus and Murree molasse during the Paleogene on 
Indo-Pakistan subcontinent in two different molasse basins.  The rest 
of these sediments were deposited as the Katawaz delta and Khojak 
submarine fan in the Katawaz remnant ocean.  This situation lasted 
until the end of the Paleogene.  In the  start of early Miocene, the 
Pa leo-Indus  fluvial  system transporting  sediments  to  the Katawaz 
remnant ocean was abruptly diverted to the south, and heralded the 
birth of modern Indus delta-fan complex in the Indian Ocean.  The 
Katawaz remnant ocean closed by the end of early Miocene in  a 
scissors  fashion,  soon  after  the  deposition  of uppermost Khojak 
strata.  The Katawaz delta and Khojak submarine fan were folded, 
thrust-faulted,  and  incorporated  within  the  Indo-Pakistan 
subcontinent.  This delta-fan complex is now exposed in the Katawaz 
basin and Makran area  as  the deformed Khojak Formation.  The 
proposed  plate  tectonic  model  mirrors  the  current  Ganges-
Brahmaputra delta and Bengal submarine fan complex on the  east 
flank  of  the  subcontinent  that  is  being  subducted  along  the 
IndoBurman-Sumatra subduction  zone. 
The Paleogene marine Himalayan orogenic record is preserved 
in  the Katawaz basin, and Neogene record is  lying in the modern 
Indian Ocean as  the  Indus and Ganges/Brahmaputra-Bengal delta-
fan complexes.  Both marine records complement each other, and are 
equivalent to the Himalayan molasse sequence exposed on the Indo-
Pakistan subcontinent.  Thus, the Indus and Murree-Siwalik molasse, 
the  siliciclastic  Khojak  Formation,  and  Indus  and 323 
Ganges/Brahmaputra-Bengal  delta-fan  complexes  collectively 
complete  the  molasse/delta/flysch  continuum  associated  with  the 
Himalayan Orogeny. 
Petrofacies analysis of the Khojak Formation suggests that  it  is 
composed of recycled quartzose to low-grade metamorphic, fine  to 
medium sand  detritus  that  was  shed  from  the  early  Himalaya 
orogenic belt.  The Khojak detritus implies that mainly sedimentary 
and low-grade metamorphic rocks were exposed in  the Himalayan 
orogenic highlands during Paleogene.  Low percentages of feldspar 
and volcanic lithics eliminate the Kohistan magmatic arc as a major 
source of the Khojak strata. 
A progressive unroofing trend of the early Himalaya during the 
Paleogene  is  suggested by an overall  decrease  in  monocrystalline 
quartz and increase in the total lithics from the bottom to the top of 
the Khojak Formation.  Increasing feldspar abundance in the known 
detrital modes of the younger Siwaliks and Indus submarine fan 
suggest the continuation of this unroofing trend through the Neogene 
as  the  granitic  batholiths  and high-grade  gneissic  terranes  were 
gradually exposed in the Himalaya.  Therefore, the detrital modes of 
the Murrees, Khojak, Siwaliks, and Indus fan collectively record the 
progressive unroofing of the Himalaya in  an integrated time and 
space framework. 
Different  diagenetic  features  observed  include  compaction, 
different kinds of alteration and replacement of framework grains. 
Diagenetic  relationship  suggest complex paragenetic  sequence  of 
chlorite, quartz and calcite cementation related  to progressive burial 324 
of the Khojak Formation.  Partial  dissolution of late  stage calcite 
cement is due to subsequent uplift of the Khojak strata. 
In  terms  of  plate  tectonic  setting,  longitudinal  sediment 
dispersal pattern, and detrital modes of the Khojak Formation in the 
Katawaz basin and Makran area,  the Himalaya-Katawaz system is  a 
Paleogene analog of the Carboniferous Appalachians-Black Warrior-
Ouachita system of the North America. 325
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interbdd with shales, some bioturbated. 
Desert varnish, bioturbated, sharp bottom 
Miett 
Ctc, foram bearing, f. grained s.st, foram 
hash in upper part with foram molds. 345 
:...-:: 
p c 
Co 
-c  ca 
Co 
u) 
2 
u_ 
ra 
o 
7200 
7160 
N-347, 
Gc.Mf 
7120 
7080 
7040 
7000 
6960 
6920 
6880 
N-346, 
Gc.Mf 
N-345, 
Mf, HS 
6840 
N-345, 
TOP 
..  ....  .. 
0211=12 
.....................-........,
 
......-::........-. -.:.:-:
 
'':.41....*. 
Essigivis 
prmait"-­
ad,...,,,,, 
1§10WEE
RIME 
IL.
EM
 
Stilhlli BEM 
1111121111 
01PINIMIPCIPEI =CI=
12=17-22­
ENSI
MN
 
=RIM
wilectme ME
 
IIM
 
=IX= KW
 
maxesessio 
rer mew 12 Wane
IIIIIIIIIIIIIIIIE 
tiameseasso-
PRINSWiclig 
,  . l 
me! 
. 
miml 
ar 
:  ...  Im!7 
Shale drap, dull greenish gray, with v. 
Th s.st ribs, Sd/Sh ratio 1:6. 
HX bdd s.st, thin ribs, f. grained, 
weathers yellow brown, well indurated, 
mud st rip-up clasts at places. 
Dark gary green shales interbdd with 3-6", 
bioturbated, s.st ribs, some mX lam. 
F. grained. lam, bioturbated, Th to med 
bdd s.st, some Callinasia burrows. 
Cover. C 
Platy, Hx bdd, f. grained s.st.
 
Cover.
 
Dark yellow gray s.st, bioturbated,
 
with forams molds. 
Dark gray green fissile shales, partly 
covered. 
Ribs of HX bdd, Th-med bdd, f. grained s.st,
 
with shale interclations, Sd/Sh 3-4:1.
 
Dark gray shales with s.st ribs. 
Green gray silt and s.st seq. 
Sandy silt st. med-Tk bdd, rust red, 
mottled with yellow brown patches. 
Dark pale green shales. 
Sandy silt st. med-Tk bdd, rust red, 
mottled with yellow brown patches. 
Pale green fissile shale.
Rib former, massive, f.grained s.st, top 
2" shell hash. 
Tk.-med bdd s.st  , Sd/Sh ratio 2-3:1. 
Shale 
Tk bdd, f.grained, lam s.st with shales, 
Sd/Sh ratio 2-3:1, burrows at the base 
Faintly lam s.st and light gray shale seq, 
Sd/Sh ratio 1:2. --
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- ------- -------
- - -
346 
6800 
Gc,Mf 
6680 
mz-r 
Ts,Mf 
6640 
MZ-76 
E0  Gc,Mf 
Li.  6600 
co 
0 
6560 
MZ-75 
Gc,Mf 
6520 
6440 
MZ-74 
M 
ki:1
 
. 
-. 
.... 
-_ --_ - . 
- 7 
7° "15.7a."-fi"0 MIK
 
w--;-, -,.zsRA-4-,--,zit 
issrfiiinsie
ausirmnacm01
Emir 
ma
 
......... 
11.M, 
:..:-. 
: 
111111111111!. 
: 
..::::::::.:.-:.:. 
M_N 
-_-_-_-_-_-_-_-: 
-_-_-_-_-_-_-_-: 
EntriftEn Ma
 
*MP
 
MI 
II 
0 
MI  __ . 11-­ r 
.__,, 
ml 
. 
Ns 
I-­
I
. 
14 
MI 
I 
F. grained sand & silt st, 2-4' Tk beds, 
ripple, mX lam, bioturbated at places. 
Light pale green shales with 1/2-2", 
f. grained s.st ribs, Sd/Sh ratio 1:3. 
Dark olive gray to olive black fissile
 
shales.
 
Silty sandy foram shales with mainly 
nummulitic some alveolinid & 
planktonic foram, mollusks as 
described by Wind & Locklin, 1992. 
A seq. of light olive gray weathering, 
v. f.-f. s.st and shales, at places silty 
& mottled, F.C. also I. olive gray, 2' Tk 
shell hash beds 24' below the top 
composed of forams, gastropods & 
broken oyster shells, at places med-Tk 
bdd s.st ribs have shale partings, s.st 
ribs mottled & bioturbated at places, 
at places carbonaceous matter & mica 
in traces were also seen. Overall the 
whole seq grades from dominently 
fissile shales at the base toalternating 
s.st and shale seq towards the top, the 
Sd/Sh ratio changes from 1:1-3 in the 
middle to 3-2:1 towards the top, 
whereas the top 20' are mainly 
composed of silt/s.st ribs with shale 
partings. 
Alternating mottled s.st & shell hash. 
This zone is composed of s.st & shales 
units, that make three small scale 
thickening upward cycles, W. & F. C. 
of interbdd s.st & shales is same as seen 
below, load casts, flute marks at places 347 
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s.sts in upper parts throughly biotur­
bated, mottled, upper 12' is composed 
of shell hash mainly broken oysters. 
A seq of v.f.s.st/silt st and fissile shales 
W. &  F.C. same as 7612-7642' inerval, 
s.st mottled, bioturbated, may be I-0( 
impegicliMIM,  bdd, but not sen due to bioturbation. 
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Alternating planar, turbidite s.st and 
fissile shale seq, Light olive gray 
(5Y6/1) to greenish gray (5GY6/1) 
shales interbdd with 1-4" Tk s.st ribs, 
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weathering light olive gray (5Y6/1) 
with mod yellow brown (10YR5/4) 
patches, F.C. olive gray (5Y4/4) t o 
med dark brown (10YR5/4), overall 
rhymically bdd, with Sd/Sh ratio 1:6 
in the lower part and 1:1 in the middle 
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and upper part, at places some beds 
are mottled, some with Bouma BC or 
CD, s.st beds have sharp lower Ctc., 
at places HX bdg also. 
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Same as lower 7642-7652' interval. 348 
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Same as lower 7612-7642' interval. 
L. olive gray-olive gary fissile shales. 
Shale & s.st seq, s.st weather light olive 
gray (5Y6/1) with mod yellow brown 
(10YR5/4) patches, F.C. olive gray 
(5Y4/4) to med dark brown (10YR5/4), 
shales have the same color as below, 
bioturbated, mottled, a local thrust fault. 
Fissile shales, W.C. light olive gray 
(5Y6/1)to olive gray (5Y4/1),  F.C. 
olive gray (5Y3/2), splintery & 
chippy weathering, marked absence 
of s.st ribs. 
Same as below, except in the upper 10' 
Sd/Sh ratio is 1:2-3, and finally this 
zone grades into dominantly overlying 
shales unit. 
Rhymically bdd, Th to v.Th bdd (<1-31, 
seq of s.st & shales, nested channels 
with thinning upward seq (from 7-11 
S.st. are W.C. light gray (5Y6/1) to 
olive gray (5Y411), F.C. dark grey 
(N3), Shales weather light olive gray 349 
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(5Y6/1) with med yellow brown 
(10YR5/4) patches, F.C. olive gray 
(5Y3/2) to light olive gray (5Y5/2) 
chippy weathering, at places F.C. is 
olive black (5Y2/1), asymmetrical 
ripples in upper part. 
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HX bdd s.st. mud at rip-up clasts at base of 
HX beds, Upper part Th lam,shale partings, 
Bouma BC, laterally it changes to Th-med 
bdd turbidite s.st. 
Like Unit H, Bouma BC & CD. 
Like Unit I, s.st ribs 1/2-3", some 
show Bouma BC with sharp bottom Ctc, 
Sd/Sh ratio 1:1-2. 
Like Unit H, with load casts, HX bdg, s.st 
ribs 1/4-4" Tk with shale partings. 
Like Unit I, with Bouma BC, rhymically 
bdd, Sd/Sh ratio 1:1. 
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Like Unit H, except s.st ribs are 6 "-1.5' Tk. 
Like Unit I, in upper part s.st ribs are 
1 /2-3" Tk. 
Like Unit H. 
Like unit  I. 
Like Unit H with HX bdg, no Bouma seq load 
casts, mud rip-up & carbonaceous clasts. 
Like Unit I, except drag folding due to small 
thrust, due to this fault a small porton of 
the section may has been repeated. 
Like Unit H, Bouma BC, beds 1 /2-8" Tk. 
Seq of sand/silt st.,& shales, W.C. light 
olive gray(5Y6/1), F.C. grayish black 
(N2), in upper part the s.st Th increases 
from1/2-3", Sd/Sh ratio  1:1, (Unit 1). 
F. to v.f., v.Th to Th lam, s.st, rib former, 
W.C. mod-dark yellowish brown (10YR5/4 
-10YR4/2), F.C. med gray-med dark gray 
(N4), Bouma BC (Unit H). 
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Same as Unit D except the lower 7-8' 
are same as the Unit C that underlies 
the Unit D, silt/s.st beds are 1/V-1'. 
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Same as Unit G. 
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Same as Unit F. 
Seq of alternating greenish gray and 
light olive gray shales, at places 
bands of olive gray weathering shales 
are also present, at places rhymically 
bdd v.f. s st. ribs are seen, Sd/Sh ratio 
1:20-30 (Unit G). 
Seq of rhymically bdd v.Th-Th lam, 
even bdd, v.f. sand/silt st. & fissile 
shales, shales weather light olive gray 
to greenish gray, F.C. olive gray, s.st 
weather pale olive (10Y6/2) to 
yellowish gray (5Y7/2), F.C. light 
olive gray (5Y5/2), Sd/Sh ratio 
1:3-4 (Unit F). 
Alternating seq of two fissile shales, 
W.C. varies from light olive gray 
(5Y6/1) to greenish gray (5GY6/1), 
while both have olive gray (5Y4/1) 
F.C., each band ranges in Tk from 
7-15', also some s.st ribs, Sd/Sh
 
ratio 1:10-12.
 
Fissile shales, F.C. olive black, W.C. light 
olive gray(5Y3/2), few v.Th s.st ribs, 
Sd/Sh 1:8. 
W.C. yellowish gray (5Y8/1), F.C. light 
olive green, fissile, splintery, has few 
v.Th-Th bdd, v.f. s.st ribs, same as in 
unit C, Sd/Sh 1:10. -------- - - - - - - - - - - - - - -
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Rhymically Th bdd shale & v.f. s.st seq, 
shales are olive black, s.st are of the 
same color as described below, Sd/Sh 
ratio 1:5-7. 
Same as Unit E, except the overlying 
shale/silt/s.st  seq is v.Th-Th bdd, the 
underlying shales are olive black. 
Same as unit E, except the lower shally 
part has Sd/Sh ratio 1:7, at places the 
overlying shale/silt/s.st  seq. has
 
silvery appearance on weathered
 
surface.
 
One thickening upward cycle stars from 
shales, same as unit C, then with a 
sharp, undulatory contact comes s.st. 
seq, same as unit D, at places these 
s.st.  have also mud rip-up clasts, W.C. 
olive gray-olive black (Unit E). 
Unit D with v. Th-med bdd, Th lam v. f
 
sand/silt beds, undulatory lower Ctc.
 
Unit C expect these are dominantly 
shales, in the upper part v.f.sand/silt 
% increases. 
S.st W.C. v.pale orange (10YR8/2) to pale 
yellowish brown (10YR6/2)  with very 
dusky red (10R212),  F.C. med dark gray 
(N4) at places mud clasts, lense shaped, 
laterally these sand/silt  st. changes into 
v. Th-Th bdd s.st with v.Th lam, (Unit D). 
Silt st., W.C. light olive gray(5Y6/1) 
with dark gray (N3) to brownish gray 
strips, F.C. med gray (N5), Th lam. 
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Mud st., W.C. Light olive gray to olive 
gray with mod. brown (5Y3/4) 
patches. F.C. olive grey (5Y4/1), 
weathers into splinters of max 1" size, 
with v.f. sand/silt st ribs, weather 
dark yellowish brown(10YR4/2), 
F.C. med dark gray(N4), rib former, 
rhymically bdd, Sd/Sh ratio 1:10-15, 
(Unit C). 
Covered, Fakarzai River. 
Dark olive green fissile shales. 
Dark olive green shales with rare 3-6" 
turbidite s.st, Sd/Sh ratio 1:8. 
Well, even bdd seq of dark olive shales & 
3-6" Tk, Th, f. grained, turbidite s.st 
Bouma BC, Sd/Sh ratio 1:1. 
Penecontemporanous slumped fissile 
shales. 
Slump folded, light med gray,f. grained s.st. 
Slump folded, dark olive green fissile
 
shales.
 
Well lam, slightly wavy bdd, light med 
gray s.st. 354 
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Dark olive shales with upper 10' show 
slump turbidite 1" Tk s.st bed. 
Pale olive green shales. 
Dark olive black, platy to fissile shale band. 
Pale med. olive gray shales, chippy 
weathering. 
Turbidite rib former s.st., flute marks. 
Dark olive green fissile shales. 
Turbidite rib former s.st., 3-6" Tk, 
flute marks, burrows, 6" long tubes. 
F. grained, turbidite, rib former s.st., 
with flute marks, interbdd with dark 
olive gray shales, Sd/Sh ratio 1:1-3. 
Turbidite, foram bearing s.st., forms ribs. 
Dark olive green shales with 3-6' s.st. 
Turbidite s.st., 3-6" Th, flute marks 
interbdd with 3-6" Th shales. 
Turbidite, f. grained s.st., Bouma BC. 
Dark olive green shales with few turbidite 
Th s.st., Bouma BC, Sd/Sh ratio 1: 6. 
Turbidite, mX lam s.st. 
Dark olive green shales. 
Dark olive green shales with few
 
turbidite Th s.st.
 
F. turbidite s.st rib, Cal. cemented, lower 
8" fossil hash of nummulitic forams, red 
algea aand quartz grains.
 
Olive gray shales.
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Zone of slump folding in light green to 
pale olive gray shales, v.Th, even bdd, 
f. grained sand/silt st, wave length
 
3-8', Sd/Silt ratio 1:1.
 
Dark olive gray shales, with v. f. 
grained, mX lam, s.st show Bouma BC, 
ScI/Sh ratio 1:1. 
Lense shaped, Cal. cemented, f. turbidite 
s.st with desert varnish and burrows. 
Olive gray shale with Th 3-4" v. f. 
turbidite s.st., Sd/Sh ratio 1:2. 
Cal cemented, 4-6" Tk, yellow gray s.st 
dirty, well indurated, some shale partings 
Olive black shales, partly covered. 
Rib former, Tk bdd, turbidite s.st, with 
flute marks, trace fossil. 
Turbidite f. grained s.st, with flute marks, 
burrows include Zoophycos. 
Olive black fissile shales with v. Th bdd 
turbidite s.st. 
Turbidite f. grained s.st, with flute marks, 
burrows include Zoophycos. 
Dark gray green to olive green fissile 
shales. 
Channeled, dirty s.st, with mud st hp-up 
and burrows. 
Dark dull light green fissile, well bdd shales. 
Dark olive green-olive black fissile shales, 
some conc., and Th 1/2" turbidite silt st. 
Light olive green, fissile to pencil 
shales weathering med gray, slope 
former. ------
-------
---
---- --
- -- - - - - --
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2800 
Dark olive gray to med gray, well lam, 
.- ---..- - - --
- fissile shales with a few v. Th s.st., 
slope former. 
F
. 
- , 
.......___.

N-329,  fir-:::::::. 
Well bdd, olive gray silt st, even bdd, 
3-6" Tk. 
.........._ 
, 
N-328,  'WVS 7  Platy rib former, well lam, rusty brown, 
Gc,Mf  Ils.  .  .  .  HX to ripple lam silt/s.st with shales. 
2680 n.....  .. .... 
-- - - - -- Light gray green fissile shales, calcite 
veins and a small local fault, drag fold 
with some local crushing near the base. _0. 
:__-_-_-_-_-_ .  Dark green to med gray fissile shales. 
c  Gc,Mf  ---- -- -­
o
_  .______ _ _ 
.._  __. 
r.f) 
.......___
 c-------­
________.  - ------- Extremely well bdd Tk seq of well lam ..=  _ _____ c o-------- light green, olive green to yellow .........._
C..)  .__ ---- --- __  brown shales & silt st., pencil cleavage 
....______  to chippy weathering with few 3-1/2" 
Tk, f. grained, rusty brown s.st. 
........___-__-:.." :
 
is,leine-.  n  Very well lam to ripple lam, rusty 
brown, Th. s.st, mud drape ripple also. 
Light gray green to olive green fissile 
-_-_-__-_:  shales. 
.-_-_-_-_-_-: 
Dark olive green to black fissile shales. 
.  .. 
2440  Light green, well indurated silt st.
-..............
  .I 
Light olive green fissile shales with a 
°_-..7.7.:..-.:  small local fault? 
._____....  . --- --
- -
---- -
___ _ _ _ 
__ __ 
--
----- ---
- - - -
- - - - - - - -
- - -
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11.1. 
Amalgamated F. s.st, forms prominent 
rib, with slump folds. 
Zone of large scale disharmonic soft 
sediment slump folds, Th. bdd s.st and 
shales, some with pencil cleavage or drag 
fold related with the minor thrust fault 
zone (no fault is exposed) implies 
penecontemporaneous slump folding. 
Dark olive green fissile shales with
 
several 3 "-1' Tk f. turbidite s.st
 
40-45' above the base with Sd/Sh
 
ratio 1:1.
 
Fissile shales interbdd with few Th s.st, 
penecontemporaneous slump folding, 
ligth olive green (10-60" Tk) and dark 
olive green (20-50' Tk) shales 
alternate each other. 
Dark olive green gray fissile shales with 
v. Th turbidite s.st, thin cal. vein,
 
Sd/Sh ratio1:6-20, some large size
 
debris clasts in resistant mud.
 
Debris flow, Carbonate clasts, floatst to 
skeletal packst, coral, red algea, large 
nummulitic forams in f. quartz clay matrix 
1-2' lense shaped ribs. 
Slump fold of Th bedd s.st and shales due 
to loading of overlying debris flow.
Th bdd dark green shales with olive black 
(5Y2/1) to olive green s.st, Sd/Sh 1: 1.
Lense shaped, amalgamated,s.st ribs.
Interbdd s.st & dark shales, Sd/Sh 
ratio 1:1, cal. cemented. 
W.C. Yellow brown, cal. cemented, lense 
shaped s.st ribs, 3 "-2' Tk, sharp bottom 
turbidite with 3 "-4' of dark green shales, 
Sd/Sh ratio 1: 3-6, Bouma BC & D. __ 
-- -- -- ------ -
- -- - -- -
- -
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Mostly dark greenish gray fissile shales 
slope forming, with few 1 -3" v. f. 
grained s.st & I.st beds, Sd/Sh ratio 
1:20-30. 
Reddish gray Foram I.st., floatst, grain 
st., abundant Molluscs shells, graded 
bdg, W.C. reddish brown with dark shell 
hash, cut by white calcite veins,forams 
concentrate in the lower part, rib 
former. 
Dark green shales with few 3 "-1' 
Forams bearing lam to convolute bdd 
s.st, cal.conc., Sd/Sh ratio 1:10-20. 
Light gray green shales with two 1-2' 
Th, channeled turbidite s.st, f. grained 
light med gray to yellow brown, forms 
ribs, scattered benthic & planktonic 
1/2" forams. 
Dark med. gray green fissile shales 
with rare 1-3" s.st. turbidite ribs, 
has Bouma BCE or DE. 
Debris flow and Ims with oyster shell 
hash, forams, mollusks, forms ribs, 
floatstone to grainstone, Thalassinoides 
Even, well bdd, alternating s.st and 
shale seq., a 25' slump fold in light 
green, weathering olive green fissile 
shales and Th bdd turbidite s.st., 
Sd /Sh ratio 1:3. 
Pencil shales, W.C. light green, F.C. 
med light gray, well developed pencil 
cleavage, form 3-6" beds. --- -- -----
--
-----
------
---
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Olive black fissile shales with thin f.  gr. 
s.st at top, cap ridge.
Light green fissile Shales. 
Olive black fissile shaleswith thin f.  gr. 
s.st at top, cap ridge.. 
Light green fissile shales. 
Olive black fissile shales. 
Light green fissile shales with cal conc. 
Olive black (5Y2/1)  fissile shales. 
Light olive green to light green fissile 
shales. 
Like unit B, with Sd/Sh ratio 1:3-5. 
Like unit A, with olive gray s.st lenses 
Sd/Sh ratio 1:15. -------
-- ----
------
------
----
---------
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1 200  ._ _____ 
-------.
..._____. . 1 
1160 -­
- ---' 
N.Jor­
MZ-43  ----.­
Like unit B, Sd/Sh ratio (1:5), v. f. 
sand/silt st. continuous Th ribs with
1 080 1,--r  traces of muscovite. 
1 040 -­
-
a) 
o 
(1)  mz-42  -'%"--10 
Tts  Gc,Mf  :_-_----­
c  1000 - *____
a..) __ ..... C 
-..=  ....... 
0 0 
Like unit A, except Sd/Sh ratio 1:10, 
-------- -- with discontinuous, lense shaped, 
v.f. sand/silt st ribs. 
.....____ 
°_-_-______" - -- ---- - -
______ 
- - ------ - -
-- - - --
- - - - - - - - -
- -- - - - - - - -
- - - -- - - - -
- - - -
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Fissile shales, Sd/sh ratio 1:15, with 
MZ-40  discontinuous, th lam, v.f.sand/silt st 
Gc.Mf  . - - .- - - ... ___ _ _ __  ribs, W.C. yellowish gray 5Y7/2, F.C. 
- - - olive black 5Y2/1, splintary 760 --- - ­
_	 weathering, at places the weathered ..__.. 
_--_-_-_-__--:	  surface shows pop corn style also. 
..  -­
- - - - . - - - - ­
'..7..".".7.7._ 
_ _  __ . __  _ 
- - -- - - -- -- Like unit A, except Sd/Sh ratio 
1:10-15 discontinuous lenzoidal sand 
ribs are lam, composed of v.f sand, 
1 -3" Tk. 
. _ _ . ...... _ .
a> 
0 
Cl)  - -­
c 
a)c­
o	 J_ 
............. 
.  -.  ..' : .. 
560.7._  Like unit B, except Sd/Sh ratio 1:3-5. .... 
MZ-38 0.- - - - - - - - ­
.. .. .. .. .. 
- - - - - - - - - -	 Like Unit A, in middle part 1.6' Tk, Th
MZ-37  ' ­
.- -- - - - - - - - .	  bdd s.st. with graded bdg, W.C. grayish Ts 
480 9:-	 red 10R4/2, F.C. med. light brown 
(N6), ripple lam, some rip-up clasts. 
s.st is mainly composed of quartz & 
lithic fragments. 
MZ-37  Or 
440  Like Unit B, at places pencil cleavage 
- - ----- forms splinters upto 7". 
.. 
MZ-36  ir:  -

Gc,Mf  --+
 ------------
____ 
---------- - -- -- - --- ---- ---- ----------- -----------
-----
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Like Unit B, at places pencil cleavage
 
forms splinters upto 7".
 
Like Unit A. 
Fissile shales interbdd with f.s.st/silt st. 
ribs, W.C. Mod. olive gray (5Y3/2) to 
dusky yellow (5Y6/4) F.C. olive gray 
(5Y3/2) to olive black (5Y2/1), 
Sh/Sd ratio 2:1, rhymically bdd, sand 
ribs have sharp lower contact, W.C. 
grayish orange (10YR7/4) to dark 
yellowish orange (10YR6/6) with mod. 
brown (5YR4/4) to (5YR3/4), F.C. 
blackish red (5R212) to dark gray 
(N3), at places shows nested channel 
structure, F.s.stlsilt st ribs are 
1/2-5" Tk, Th lam to mXlam, at places 
Shales show pencil cleavage otherwise 
splinters upto 3" in size (Unit B). 
Fissile Shales, W.C. Pale olive (10Y6/2), 
F.C., L. olive gray (5Y5/2). Sd/Sh 1:8, 
splintery weathering, lense shaped f.s.st/ 
silt st. ribs, W.C. grayish orange (10YR 
7/4)  to dark yellowish orange (10YR6/6) 
with mod. brown (5YR4/4) to (5YR3/4), 
F.C, L.olive brown (5Y5/6), slope form ­
ing, lower contact conformable (Unit A). 
Micrite, W.C. V,pale orange (10YR8/2) to 
grayish orange (10YR7/4) with Mod. 
yellowish brown patches (10YR5/4) F.C. 
dark gray to grayish black (N3-N2),wavy 
beds, organic rich, faintly lam, thin argila­
ceous parting with pinch & swell structure 
sharp upper contact, ridge forming. 363 
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Top of the section, projection of this 
C.0  cliffy section 2 miles to the east, these 
gal  2800  ....r.r........-.....z1  knobby Ims are interbdd with 400-500' 
a q ri. .7. r. :a : of red mud stand pink s.st before being vm..,-.... ..................,
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200 to 250 ft thick, cliffs, 4 prominent 
knobbly to nodular, yellow-gray, 
limestone cliffs each 40 to 60 ft thick, 
inaccessible; shallow-water limestone, 
massive bioturbated, large nummulitic 
alvenolid forams, red algae, echinoids, 
and corals. 
GRADATIONAL CONTACT 
40 ft, alternating f. gr. planktonic (wkst) 
Ims and shale, thin-bdd, Ims/sh ratio 
1:3; slope-former, Some forams and 
Sponge spicules. 
40 ft cliff-former, alternating planktonic
 
foram Ims and shale, med.-tk.bdd,
 
Lms/Sh ratio3:1; some 1 ft Ims beds;
 
even-bdd, prominent small rib-former
 
in cliff.
 
c5 ft, alternating finely crystalline plank­
tonic foram & Sponge Spiculesand 
terrigenous shale, thin- to medium-bdd; 
Lms/sh ratio 1:3. 
ft resistant, cherry f. gr. planktonic (wks 
40 ft, alternating small planktonic foram 
Ims (wkst) and terrigenous, organic rich 
shale, thin bdd; Ims is fine-grained and 
laminated; lms/sh ratio 1:3. 
3 ft f. gr. Ims. 
5 ft, section proceeds up nalla of cliff 
and leaves river 
Interbdd thin- to very thin-bedded 
fine-grained small planktonic foram Ims, 
Bouma sequence & terrigenous shales, ----
- -- -
---
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71 ft alternating fine-grained skeletal 
foram pkst and shales. Thin- to medium 
bedded. Lms beds are 3" to 8" thick & 
are laminated; siltstone beds are 3" to 
6" thick. Lms/sh ratio 2:1. 
36 ft rhythmically bdd planktonic foram 
wkst. Argillaceous Ims is finely cryst­
alline, laminated, pinkish orange to 
yellow brown. 4 ft chert nodule at 30­
35 ft deforms Ims beds. Sponge 
Spicules. 
40 ft rhythmically bdd argillaceous Ims 
and shale. Lms (wkst) is thin- medium 
bdd and laminated. Lms/Sh ratio 3-1 to 
2-1. Some burrows and pyrite. 
55 ft f. gr. Ims (turbidites) dominated 
sequence; Some calc. sandstone is 
medium to thick bdd, well indurated, 
yellow gray (weathered); Lms/sh ratio 
3-1 to 5:1. Large chert nodules (3 ft 
long) in upper 10 ft. 
65 ft argillaceous Ims with small 
planktonic forams in micrite or clay 
matrix is dominated sequence; medium 
to thin bdd, lam. Ims/sh ratio 3-4:1, 
Calcite veins, Cliff-former along North 
side of river. 
40 ft dominantly siltstone (nulla) 
some v. th-bdd ss (olive); 
partly covered 
50 ft even-bedded, thin- to very thin-bdd 
fine-grained ss and shale. Turbidites. 
ss/sh ratio = 2:1. Bouma DE sequences 
1 ft yellow-gray sandstone, laminated 
(project across river on this ss bed) 366 
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100 ft thin- to medium-bedded planktonic 
foram Ims (wkst) and shales, lms/sh ratic 
2:1 -1. Lms is very fine-grained and may 
also include calcite-cemented s.st. 
Abundant blocky jointing (fracture 
porosity). 
1 ft yellow gray argillaceous Ims (wkst) 
with chert nodules. 
190 ft rhythmically alternating v. fine 
planktonic wkst (Ims ribs) & organic rich 
shales. Lms beds are thin to very 
thin, very fine-grained, pale yellow 
brown, lam., Bouma DE sequence, 
some CDE turbidites. Shale is pale 
brown. Lms/sh ratio -= 1-2:1. At places 
some v. fine, calcite cemented s.st 
were also seen. 
calcite-cemented 
3 ft calcareous concretions. 
35 ft cover 
53 ft, rhythmically interbdd v. f. gr. Ims 
and shales. Ims beds = 1' to 4". 
Platy siltstone. Ims is pinkish orange 
and even beds that form ribs. 
Ims /shale ratio = 2:1 to 1:1. Ims a little 
more abundant upward. Calcite-
cemented & cut by white calcite veins. 
15 ft, interbdd v. f. gr. Ims (pink) and 
S.St(?) & siltstone; Ims /sltst ratio = 1:1. 
6" rib of v. I. gr. Ims, yellow brown 
30 ft dominantly shale (med. gray) in 
foram to 4' beds with th 2" to 6' v. f. gr. fora 
wkst beds (lam.) at 15'; prominent organi:: 
fluorescent rich streaks, ss/sh 1:6 -8. --- --
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35 ft, mudstone, organic rich, medium 
gray, 3' to 4' beds, interbdd with f. gr. 
argillaceous skeletal foram pkst turbi­
dite, lam. & platy weathering. beds are 
3" to 1'. ss/sh ratio = 1:6-4 
36 ft, ridge-former, rhythmically bedded 
nodular planktonic foram & spiculite wks 
(29 beds), mottled, with 3" to 4" argilla­
ceous organic shale beds with kerosene 
smell; wavy bedding; upper 2 ft is wkst 
w/ forams; black, oil (fluorescence light). 
6 ft marls & argillaceous shales, Chicken 
wire, styolite, spary calcite veins 
12 ft marl, faintly lam. w/3" to 6" shale 
s  irregular bedding; kerosene smell 
. 
.  12 ft argillaceous marl, shale, fissile 
.  3 ft marl, bioturbated, nodular, ckicken 
wire structure & dolomite rhomb. 
, 
7 ft limy argillaceous limy shale w/6" -8" 
marls; fissile, interbdd with argilaceous 
planktonic foram & Sponge Spicules. 
, 
siMi  6" marl, blocky weathering 
2 ft limy shales, kerosene smell, organic. 
.  9 ft interbdd med to tk silty marl beds & 
'  argillaceous shale (3" to 4" beds) 
.i1  8 ft limy, fissile, organic rich shale. 
'  4 ft limy shale, organic rich, fissile. . 
4" foram. Ims. rib, turbidite, red algea 
3 ft fissile mad, med. light gray (N6) 
10-15 ft cover, Ims talus, most likely 
mad and shales. 
10 ft fissile shale and some marly 
horizons. 
150 ft cliff forming, rhythmically bedded 
limestone (turbidites) and terrigenous 
mudstone. 
01: 
Planktonic foram wkst beds are thin to 
medium, even bedd(2" to 1.5'). 
Weathered color of foram wkst is 
s 
I  grayish orange (10YR 7/4) to 
yellowish gray (5Y 7/2). 
.  Fresh color is light olive gray 
, . 
i  .  Weathered color of terrrigenous 
g  mudstone is pale blue (5PB 7/2). 
,  Fresh color is light olive gray
s s 
.  (5Y 5/2). 
11 
.  )  Thickness and abundance of 
limestone beds increases id 
upward, highly deformed by drag folds 
at places minor faults. 
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.///////o 90 ft terrigenous massive-fissile shales /////e/O
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  Weathered color is yellowish gray 1160 -;;;;;;:::: ....,,,,.. (5Y 7/2) to pale greenish yellow
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 /MM., to light olive gray (5Y 6/1).
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U.  Light olive brown, terrigenous mudstone,
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GRADATIONAL ZONE - alternating ever 
beds of gray terrigenous mudstone (as 
below) and brown mudstone (as above' 
137 ft rhythmically bedded mudstone me 
and argillaceous Ims /marl (Ims to mud-
stone ratio 1:5) Planktonic foram wkst 
PIX  with Sponge Spicule beds are very thin 
to thin (<1" to 3"). 
.  Weathered terrigenous mudstone is 
R  yellowish gray (5Y 7/2) to pale greenish 
yellow (10Y 8/2). Fresh mudstone is 
.
 
. '  yellowish gray (5Y 8/1).
R  Weathered limestone (planktonic forams 
I .  Globigerinal wkst with Sponge Spicule
I . 
is light dusky yellow (5Y 6/4) with light Id
 
brown (5YR 5/6) and dark yellowish 
. 
.  .	  orange (10YR 6/6) patches. Fresh Ims 
is light olive gray (5Y 6/1), low ridge to It 
slope formar unit. 
MI 
I.	  75 ft rhythmically bedded mudstone 
I  and Ims (Ims to mudst ratio = 1:9) 
Lms beds are micrite & contain 
IIII  planktonic foram Ims is pale greenish 
yellow (10Y 8/2) Mudst is pale blue 
.  (5PB 7/2); Marker bed unit. Gradational 
contact with the underlying unit. I	 
'
I 
170 ft shale, weathered color is It 
greenish gray (5GY 6/1), fresh color is 
olive gray (5Y 4/1), platy weathering to 
fissile, slope former. - - - - - - -
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30 ft Ims turbidites, upper 5 ft are 
nodular, skeleton pkst to planktonic 
foram wkst; ridge former 
1 ft carbonate debris flow 
15 ft debris flow at base, grades from 
foram gmst intraclasts to micrite at top. 
1 ft debris flow 
15 ft th to med. bdd Ims, turbidite micrite 
to foram packstone. 
1 ft debris flow 
15 ft th to med. bdd Ims, turbidites 
2 ft debris flow 
35 ft Ims, th to med. bdd turbidites pkst t. 
gmst, some marly streaks, planktonic 
and displaced small benthonic forams. 
14 ft debris flow, ridge-former 
40 ft shale, greenish gray 
55 ft channelized debris flow, ridge-
former, angular f. pebbles-cobble size 
blocks, intraclasts of large foram 
skeletal packstone. 
35 ft th , even beddn foram Ims turbidite I. interbdd with th mudstone beds; some
II  pkst and planktonic foram wackestone 
No 
.  . 
5 ft debris flow 
111  Illi 
Ns  Iv  3 ft debris flow, mainly Ims clasts, mainly 
foram skeleton packstone, red algea. 
k 5 ft debris flow 
-'12 ft th lam to th bdd Ims, mud st, green 
grey, planktonic wackestone clasts, oil 
in streaks under fluorescence light. 
Thrust Fault. 
Multana, greenish gray, moderate red, 
pale olive, and grayish orange 
mudstone; sheared & drag-folded . 
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GARDAB MANDA SECTION
 
STARTS  68° 25' 45"  30° 53' 18"
 
ENDS  68° 25' 50"  30° 54' 00"
 
Carb- Fossils  Bedding Clastic 
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.... m  m  o ."  cn  o  C)  'cl'h-v' onz. 130-0 8 w ci E 0  -2 
CC  -°'-`2"-ZP&:'5  '-'5 :g.gc.E113:=2 °
'- ° 
2.1110 
3880 ­
3840 ­
3800 ­
3760 ­
Same as below except a few mud rip-
up channels & Tk bdd. 
3720 ---*­ D  :.  Tk-v.Th bdd, f.med. grained, light
. :.: olive gray, micaceous, abundant :*-:,.­
muscovite, mud rip-up channels, =  -
upto 1-2' Tk & 5-30' wide, 
% - occasionaly lam. Ts.PP 
3680 ­
- Light olive gray, f.-med. grained s.st, 
planar Xbdd-ripple lam. 
Li_  -:.  Olive gray green pebbly s.st,interbdd
 
crs -.  with olive gray s.st, mud rip-up clasts,
 j.'.. Y  mX-ripple lam. 
cis  "W M/ Dusky red silt st., partly covered.
f'f'f (
 
ca  Light gray, Th lam, Th bdd, high angle 
planar Xbdd-ripple lam., 
Dusky red silt st., partly covered. 
N-167  __,'`'".,, , z  . 11.1  Light olive gray, med.-f. grained s.st.
c_c O 
Gc.Mf  0`,..1.  t '- .  Dusky red silt st., partly covered. 
3640 372 
3600 
- - - - : *t1E. . 
- Light olive gray s.st, f.-med grained, 
N-166 
Ts,PP 
::  '''" VO`° 
!ee-.01. .$4Z*­' 
lot of biotite and muscovite, high 
angle planar Xbdd to ripple Xlam., 
mod. jointed. 
3560  '.1S1t:.  -way­
,  Dusky red, mottled in lower part, 
.  red brown silt st. 
..*.. 
3520  ,,  ;:.; /// .,,,,,,/
:',..1;;W
///
//// // 
. 
Light green s.st, leaf impression, top 
& bottom bioturbated, scour channel. 
Mod red brown mud/silt st with 
dusky red mottled layers. 
Light green, mottled silt st. 
N-165  Tk bdd, f.-med. grained micaceous s.st., 
Ts,PP  vioga....g  with mud st dip-up clasts,quartz, lithics, 
3480  .:  - .  biotite, muscovite; friable, high angle planar 
Xbdd-ripple lam. 
L-r)  :
­ :  ' 
Mud st. rip-up clast zone interbdd 
with med.-c., micaceous s.st, biotite 
To 
= 
3440 
rrilors. 
l!:glitddm li14 
dolariiraluo u. 
J.+ .,1,44..­
. 
. 
. 
> muscovite, pale red-grayish red 
(10R6/2-10R4/2), F.C.pale green 
(10G8/2). 
LL : 
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- -
///  , 
i 
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M 
Mod reddish brown (10R4/6) mud 
st. with dusky red (5R3/4) silt st. 
beds, bioturbated and mottled at 
places. 
,,,,, fe.o. 
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3320 
Cover zone due to creek probably 
red mud st. 
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3240 
Silk 373 
cl) 
c 
= 
u_ 
as Y 
c 
2 
as 
_c 
U) 
3200 
3160 
N-163
 
Ts,PP
 
3120 
N-162
 
Ts.PP
 
3080 
3000 
2960 
2920 
2880 
N-161 
Gc.Mf 
Ts,PP 
N-159 
Gc.Mf 
.  .  . 
.  . . 
. .
 
..
 
11104f...' 
. 
.  .. 
-
..  .. .. 
'WS!: .:. :.;. 
/.../.+/// //M.," .0....w.,/ /"
31.-...;:::::::Me.:;: 
.......,...,

.r.-....",...., 
otom  %g  IS  , r 
.- .­
. .
 
v v., .0.
 
. 
111144 
hi. 
.,...'.  4T:.:" 
::::::::/.'......'44 
*;;*.i.."*. 
.... /..e.e.,/,..­ .......,,,,./.-­ ....w.".......
 /./.+1/7/./
..://,./c.V1." \
 
Pale yellow brown med-c. s.st, F.C. 
light olive green, planar Xbdd., 
poorly sorted, angular grains, 
quartz, lithics, micaceous, 
convolute bdg. at places. 
Maroon brown mud st., partly
 
covered.
 
Dusky red, pebbly s.st,gritty,poorly 
sorted, planar X bdd, mud st rip-ups. 
Maroon brown silt/mud st, nobbly, 
bioturbated. 
Greenish gray s. st., high angle
 
planar Xbdd, v.c. gritty mud st.
 
rip-up clasts, ripple lam at places.
 
Cover zone probably mud st, covered 
by river alluvium in creek. 
Bioturbated, mottled, f., s.st with 
mud rip-up clasts. 
Mod. red brown I. silt st-clay st, 
platy, finely micaceous. 
Ripple lam., f.-v.f., micaceous, s.st., 
dusky red, high angle planar Xbdd. 
Mod brown red, massive silt st,
 
bioturbated (paleosol).
 374 
2800 
Cover due to creek, probably mud st. 
:,­
E 
2760 
5  c 
U_ 
c 
.o 
.. 
. 
.  - ...:  . 
:. 
F. grained, high angle planar Xbdd, 
dusky red s.st. 
Wavy, ripple lam, dusky red silt st., 
in phase ripples. 
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F. grained s.st, high angle planar 
Xbdd to ripple lam in upper part, 
dusky red. 
Rib former, friable-mod. indurated, 
micaceous, f., quartzose s.st, 
mod. to well sorted, high angle 
planar Xbdg, foreset dip 30°, light 
gray to gray green, scoured 
channels , top bioturbated. 
Dusky red & maroon to grayish red 
(5Y3/4-5Y4/2), massive mud st. 
Bioturbated silt st., 6" Tk., interbdd 
with mud st. 
Slope former, mod red brown mud st. 
Mod reddish brown (10R4/6), Xbdd, 
gritty s.st, mod indurated, with 
lenses of mud st rip-up clasts. 
2520 ­
WM', 
'MM., 
2480 -;WO 
o 
u_ 
cts Y c........,.., 
ES 
Ct C 
/  / 
.­ /..­ ... 
.,..,  ..-/ //////..­
.o.,///l, MM., 
v......  /0., 
Red brown mud st. 
2440 
,.:  I. 
/MI'', //,/,1/ //Mlle' /I'M,/ / /////// 
( mi.',/,' ./..-//////
././.../....., ,////// ./..././..-/ ,("Iirf' 
,..-/////// //....../ ..-//./..., ///......../ 
mi  No  Massive, red brown mud st., upper 
10' bioturbated, root traces 
(paleosol) at places silty with 
indistinct Ctc, each silt st layer 375 
2400  /......../.
 ,...../..... ,,,,,,,, ,,,...../.., 
NE
 
......./........,/
 ......./...,/
 ',rm./ ,,,,,,,,, 
.....,..../...

2360  ;,,,=;
 
N-153  "/""
  II.
  MI  Dusky red-marron, massive mud st.,
Ts."  i"..1iiii
 
../././. interbdd with Th bdd silt st beds, ....,,,, 
Sd /SI ratio 1:15. m f//f/ff

f, /f/1/
 //MA/

2320  "// "// 
PMPlaty red brown silt st. 
N-152  11-#1.10.1P411  Large scale planar Xbdd-mX-ripple
 
Ts,PP  ..,,, lam., f. s.st, hematite cemented.
 //rm., ........../.,

//////f
 
2280  Z*.',..Zi; .,,,,,,, ///,,,, ////,/, Moderate Red brown, massive mud st. ///////
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////f/f
 
2240 
_ 
D 
River gravel cover in creek. 
LL- 2200  Ridge former, planar Xbdd-ripple lam., 
pale yellowish green (10GY7/2), W.C. c 0  N-151  1111/4.  greenish gary (5GY6/1), f. quart-o-
Feld s.st. 
-.11AISIVO,"
Ts,PP  -. t N-150  ,,  ...  Red brown, massive mud st. 
LI_  Bone  /1
 
glii:F.- (Airl IMINI F., friable pebble-gravel Cgl, bone.
2160  saosAdom 
co  Red brown, massive mud st.
 
N-I50  .!..!,;;;;;;;*/.;
 
c  Ts
  ,,,,,,,,, ,,,,,,,,, 
_c:  ,  Ng  IN  Interbdd high angle planar Xbdd, ,.....-..../....,
(.0  .,,,,,,,,,, friable s.st, with red brown mud st.,
,",-";-, - s. st are med.-c. grained, poorly ',v.'''.
2120  no 
/////f// sorted, ripple-mXlam., some mud f/ffeffff

// ///.//
 st. rip-up clasts lenses. .....
/./.....,,, .,,,,,,,,, ,,,,,,, , ----.  ,,,,,,,,, 
2080  /rm.,/ ///MI,/
 rm.'',
  Friable, light pale yellowish green

N-149
  (100Y7/2), dusky red W.C., Xbdd to 
Ts,PP  Menge ripple lam, micaceous quart-o-feld s.st. /.,./...,
N-148  ... ..e..  Massive, mod. reddish brown to dark 
,,, /// reddish brown (10R4/6-10R3/4) GO4f  ".Z.iii

/.......,,

2040  /////, mud st. ',F.., ,...-../
//////
 /Mt./

/////f Massive, pale yellow green to pale ......../.
 ...... 
green (10GY7/2-5GY2) shales. .......
 
MinE71.11211,11.111B  M 
Iljr3iii  . 376 
D 
2000  -- - - - - -­ _ ___ . . _ - ....... 
: 
Reddish red brown soil with a cross 
fault in the upper part with unknown 
displacement, top 2' bioturbated f.s.st. 
= 
a: 
c  1960  Covered slope, green shale. 
o 
cii 
0 
as Y 
: 
... 
.  . 
.: 
Distinctive micaceous, platy ridge 
former, med olive grey with dusky 
red, f.-v.f., well lam-ripple lam, 
C
2 
1920 --. :. .  mod.-well sorted. 
as 
-c)  N-147  '!.7:  Green shale. 
Ts.PP  S.st, f. grained, Xbdd-ripple lam. 
Slope former cover with Th s.st. 
,...  1880 
lc  Pebble Cgl. f.-med pebbles interbdd 
with lithic v.c,Xbdd s.st, with scours. 
o 
U.
0 
N-146 
Ts,Mf 
.......S.. 
.......... 
6.%'....%. ....0.0..P 
Soft, red brown, med grained s.st. 
Poorly sorted, pebble-cobble clast 
Cgl., with some boulders upto 6". 
51  1840  ,  Light olive green marls, massive, cal. 
a) 0 
'  conc., bioturbated, sandy at places. 
Soft, olive green pebble Cgl., framework 
c  -4eagiderti  supported interbdd with 1' Tk c. s.st. 
N-145  "...4-ort..5;;A:jal  Med olive gray shales interbdd with 
o 
u_ 
Gc.Mf  1`. 
1800 J_-__ 
N-I44 
.  . 
. .. 
II 
0 
med grained s.st & some gritty 
oyster ribs, Sd/Sh ratio 1:1, 
chippy weathering shales. 
ca 
TsPP  .....­ No  Mod indurated, matrix supported,knobby 
c 
rts 
L 
N-143 
Ts ,Pp 
1760 
9:6'/..n-T1,10  Cgl. interbdd with clast supported Cgl 
& pebbly s.st, ratio 1:1, top 2' oyter 
broken shells. 
CO 
N-142  ..''' " " 
.  ,  Greenish shale layer with few scour. 
Gc,Mf  ,,,-/..y.,..-!  Red brown mud st. 
Pebbly Cgl. with few cobbles & sandy 
matrix, interbdd with pebbly s.st. 
c,)
a)  1720 
Cover due to creek. 
0 
N 
as 
(.0 
E­
N-141 
M  . 
... 
. 
. 
. 
m '' 
Ridge former, f.-med s..st, dusky red 
brown,mod sorted,cal conc,planar Xbdg 
Mod. yellowish brown (10YR5/4) 
shales with gypsum lenses, cal.conc. 
Lithic s.st. 
11 R 
1 680  --t* 
Poorly sorted, massive, structure less 
olive gray, f. pebbly Cgl. with few 
1B 0 
c  o 
,..,.as-..... 
N-140  eor 
Gc,Mf 
1=1;#' 
-...i..,t- el-, 
.. 
cobbles, eroded 6* micritic conc. 
Micritic I.st. 
E 
0 
LL 
as
Y 
c 
.c 
rip 
1640 
---
Th.­
:* *!!!,s­
..........:,:.:.
'=*t$t. :.....%... 
.-.-..... 
. . . .... 
1.242.:k...­
Th-planar Xbdd, f.-med grained s.st 
interbdd in the upper with Th silt st 
& gray green shales, HX-mX-ripple 
lam, few carbonaceous plant frag, 
bioturbated at places, broken oyster 
shells, gritty, Th lam at places. 377 
a 
a) c  o 
o 
-o 
o 
coc 
:E2 
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c 
2 
as 
0 
Y
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ca 
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_c 
CO 
ci''  o 
LL 
= 
0
0 
°.5 
o 
in 
c/I 
° 
LL 
0 
o 
E 
,t, 
cz 
0 
us= 
1600 
N-139 
Ts,PP 
1560 
1520 
N-138
 
Ts,PP
 
1480 
N-I37 
1440 
1400 
N-136
 
Ts
 
1360 
iNT-135 
Ts,PP 
1320 
1280 
N-134 
Ts,PP 
1240 
Nc -133 
C. 
1200 
...14***­
NI 
igepi-,, vuip 
.. 
.. 
...­
-- .....  ., 
-....*:.:14;°.: 
. .:  .  . ... 
..  .  :A:-.1k .  .  S&i..''S .  .. 
IN 
hi, 
ilINEVINIWil 
git-ara
Mai 
1111111111%

agligiriciicic 
o.........e....
 06.%.00,0 e.e.....e.e ..........0
 ../..e.e. 
otet.tiot.  ......e.e.r 
1.114%*.. 
'  .,..(.A
;:_°!.'".7_^ ...}1.4V .,
 ..........
 
oeo .
.7.  , 
rP.11kr". 
MI
 Is... 
..1 
mid 
i i 
IMMO 
_ . 
Gritty s.st to f. pebbles. 
Cover with f. grained s.st talus. 
Coarse grained s.st. 
Cover, slope of s.st talus. 
Dusky red, f, lam-faintly mX lam s.st.
 
Massive, olive gray, lithic, gritty
 
with pebbles s.st., 6" long reworked
 
micrite conc., slope former.
 
Dusky red,gritty-pebbly, f.-c.lithic s.st.
 
ribs, interbdd with greenish gray silt st.
 
with rare pebbles, knobby, Sd/SI 1:1.
 
Rusty red gritty s.st. 
Light green, f.-med. s.st, rib former, 
planar Xbdd, med-Tk bdd, cal. conc. 
Light greenish-olive gray, gritty-f.
 
s.st, broken oyster shells, planar
 
Xbdd, some bioturbation.
 
Cover 
Knobby, micritic marl, light med gray, 
slope former, nodular, bioturbated. 
Pebbly lithic s.st,soft,no sed. structures. 
Inverse graded, poorly sorted, matrix 
supported, olive green lithic, pebble-
boulder Cgl., subangular clasts with 
light gray micritic lenses, sharp Ctc. 
Slope former, light gray mud st, 
Weakly cemented pebble Cgl., matrix 
supported, with f. s.st. lenses. 
Poorly sorted, polymict Cgl., loosely 
consolidated. 
Light gray limy quart-o-feld s.st. 
Weakly cemented pebble Cgl., ridge
 
former, framework supported.
 
Pebbly lithic s.st, slope former. 
Olive gray, med-c. pebble Cgl., slope 
former, framework supported, some 
micritic I.st, cal. silt st lenses (6") 
pebbles of cherts & I.st. 
Ridge former, f.-v.f., olive gray s.st. 
mod. sorted, wavy bdg, cal. cemented 
Rusty red shales. 
Cover, silt chips on the slope. 
Same as 1098-1107'. 
Cover zone in small gully, slope 
former. 378 
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  11 ill. 
to	  N-131  r.i.cr 
o	  Gc,Mf 
N-130 
.E2  Gc,Mf  forommito,. 
1160 
3  NW 
d 0  N- 1..9
 
*5  Ts,PP
 
in  N -128  ;.7.*Ver

6  Ts,PP  i.-'"eti,'..ste

"E	  N-127,Ts ed'.?e o  N -126 Mfd 
1120  ro 
1,- N-125,Ts  ' ;1;
 
O  N-124
  %are 
Ts.Mf  :.7.:; 
--cN-123  ... 
Gc,Mf  e 
o N-122,Ts 
E N	  1080  w­
N-121 Tr  WARM
N-120  EafaiA3 ...0.
Gc.Mf  m....... 
N-120  Nammorio =....m..
Ts.PP  r.r.:7,rariri 
co	  1040  alaw001""A-rm ...... a)
-5	  N-I19  2-----n 
co	  Gc,Mf  L'"' 6 . r. :71. ..  .... u_	 
N-119  slum mm... 
I-5	 Ts,PP  %IL .i ...MM7n c  1 2:"...7., ii  ......  . 
1000  N.  117;
5	  N -118  IKE: L41 
re 0  Ts  ...
: %U: ,\ 'LI=
....= v .... r ma. ...II 
N-117 o  r""'ar''  ...mm....
N	  Gc,Mf  _mom E .
 
7--1.  N-116
960 
=molrow7
 .....  .......
 
c3	  Gc,Mf  wx., 4 
N-116  IIMM V _.
Ts,PP  "'''''''' 
N-115  5549165656554 .. 4 ..iir _. Ts .  _ 
920  ,_- --­
N-1I4  liNLWIN 
-c'  Gc,Mf  EMEti 
N-113 
Jo a Mf  /  / / 8  N-112
 
c 0 Gc,Mf  //:/,',/,
 //////././ -0 f-,  880  .ii. 
N-111 Rra <a  , s  @ '''' Gc,Mf
 
w I; N-111  ..:ZAZ.::
 
-c Ts PP  ;:: V/ ;</
 
C \ 1 
c.) (I) 2 , 
gi
N-110  411:11;11.10 eo/// a 7,1 Gc,Mf c 
o Cc_  840  11 
7,5 a -0 
E E jz 
:::	  N-109  kik
WI	  Ts  -----­
z	  N -109  "  = al ma
a 
Gc,Mf  mum 
. 
i 
IMP 
i 
I 
1 
i 
i 
I 
I 
i 
,  I 
ame as 1098-1107 interval, with 
a crossing fault. 
F.-v.f. s.st interbdd with med olive gray 
silt st., nodular at places Sd/SI 1:2. 
Same as 1098-1107' interval. 
ray green to light gray silt st with 1' 
Th lam s.st at the top. 
Poorly sorted, olive green, olive gray & 
gray green polymict Cgl, cal. cemented 
Li9ht yellowish gray I.st, oyster shells. 
Greenish gray chippy shales, sharp Ctc. 
Poorly sorted, polymict cgl, Dunite, 
red jasper, basalt, chert & I.st clasts. 
Pale yellow orange (10YR8/6)-grayish 
orange (10YR7/4) I.st,burrows,nodular 
Molluscs, Forams, broken oysters, 
Dusky red,rusty brown-light gray gyps­
iferous fissile shales, gupsum crystals 
grown in shale layers, basal debris flow
i . 
.  3  matrix supported,broken oysters shells 
i i  Slope former, broken molluscan gritty
 
hash in f. grained s.st., cal. cemented,
 
subangular pebbles of quartz chert &
 
Nisai I.st in shell hash, sharp lower Ctc.
 
Cliff former, massive foram sketal Pk.st., 
med-Tkbdd, pale yellow weathering, 
fresh light yellow gray, with minor gray 
green marls, wavy bdg, moderate to 
well indurated, some solution 
weathering, blocky jointed, cut 
across by calcite veins, forams and 
(Numulities, e.g., cyclolypeus ? and 
alveolinids), few Echinoids, broken 
sand dollars, algae and burrows some 
upto 4' long, base bioturbated. 
Covered slope, sandy soil.
 
Massive, yellow-purple stained, non-

i  cal. silt st., blocky weathering.
 
' 
i  Light gray shale, chippy.
 
i  Knobby bdd, light gray I.st tense.
 
Light gray, massive, micrite.
 
"ale green mar1,30-50% numulities.
 
Numulitic, alveolinids foram packstone. 
Pale yellowish green foram rich Cal. 
mud st. & marls, Numulities, alveolinids, 
some disk shaped forams, few 2-3' I.st. 
Covered with I.st talus from above, 
probably some Mud st. also. 
Nodular, ridge former, yellow gray, 
knobby weathered, foram I.st, sharp 
top & bottom Ctc, 10-20% forams. 
I 379 
800 
Covered with talus of I.st from above, 
probably some Mud st also 760 
IL.  Nodular, ridge former, yellow gray, 
720  knobby weathered10% sharp , foram 
N-108 0 1-1v I:4--' 0  top  ttom Ctc,  forams. =  111  bottom
Ts,PP  Coverd with talus of rusty, Th bdd, f. s.st, with 
broken molluscan oyster? shell frag. 
.. .. ..	  Quartz-o-feld., f. s.st, cal. cemented. 9 
1111 
t5 
a3  680  Coverd with talus of rusty, f. s.st, 
(7.)  some with broken oyster shell 
fragments, slope former.
Ta 
.c 
(I)  N-107  thS 
©  . Ts,PP  Im	 Nodular, ridge former, yellow gray, .,u 
its  640	  knobby weathered, foram I.st, sharp .. e . L.1._  ,..  .	  top & bottom Ctc, 10-20% micrite, I	 I .... Ws	 styolites. "0  Pagellir: 11	 ..j id In 
P-- Ggcre&si  1.1  Seq of interbdd light greenish gray­
-a  re:-. low Th­ pale yellowish gray Mud st & Th-
e) NOW&	  . 
-p NIICRIV!"; V	  mX lam, quartz-o-feldspathic lithic, med
t3	 ii  n cazaw
600  por-	
.  . 
tof., cal. cemented S.st, Sd/Sh 1:1. m/.....f....,	 . I . i 
8 -NI	 ii  MI .- N-106  ,srrri, c  ............ Gray green mud st., slope former.
 
:3  f.,..,/,....,  Pale yellow brown (10YR6/2) to yellow
 Gc.Mf  //ern,
c  N-I05  ;.".f.1:1:=  gray (5Y7/2)1.st,F.C.light yellow gray
N.  .......

Gc,Mf	  .  ,,,,. (5Y7/2) scattered large forams,knobby. CI  0 ­
co  560  e	  .  I III  MI Greenish gray, massive, Cal. mud st 
yyyyyyyyyy 
.S.D.  N-I05  (marls) interbdd with mX-HX bdd, cal. 
ig  Ts,PP  tr:M iii  M n  cemented, quartz-o-feldspathic lithic s.st, f/f., poorly sorted, oyster shell hash in N-104  ""  a) 
Ts Ts,PP , 
c . ;,:e ., III  NI  middle part of upper s.st. 
0  110  P I 
Cal. cemented, v.f. s.st mX-ripple lam.
ra  we 
Green gray,dusky red cal. Mud st (marls). WWII l cl./  520	  .1m. 10  Yellow gray micrite, light gray F.C.,
 
N-1133
 
.
,,,
r	  . 
..,..,,,	 .  ripples, burrows at base, load casts. 11111 F3  Gc,Mf  .....  .11	  IN . Light greenish gray, cal. mud st., marls, 
ca _ N-103  4,ver,  '  slope former, crumbly, bioturbated.
Z  Ts,PP  ,SVPZ Forams packstone to micrite, yellow
r,Ill 111111 *II I  I ili sii 14111km  =rm.	  gray, broken oyster shells, styolite, 
some moldic prosity,rib former,knobby. 480  ::::`,...:::Z /,,./././ o.!" cal. mud st., with popcorn ,,Gray //WI,/ weathering.
.../...m.­
......../  ..
  . Interbdd seq of I.st & shales, pale olive 
N-102  --16,am!  Ill  Emi  111,  to grayish olive W.C. grayish olive F.C., 
Ts,PP  maws's,:  MI 0'4  NM  ml  W4  MEI L.st weathers light yellowish gray, F.C. MI , 
light to med gray, micritic to grain st., 440  ZZ',::Z.'".; 
.
.	 
. 
.	  '  nodular, knobby, styolite at places, ...,.. IN IIII	  .  forams, broken oyster shells,interbdd N-101  /1:	 I
Ts.PP  '`,:::.:".ZZ	  :  with mans in upper part, dusky red 
IN  mud st decreases in thickness upsection. Zok:.T.IM  111 //,.../.... ....,....,... m......4  '	  '  Dusky red brown, massive mud st. 
. I 380 
400 
N -100 
Ts,PP 
;;;.!.;; .* ; //r.
......-. , TAO 11."111 .tea 
CSICIW" 11112 
...-ss, 011:110111 oiniown 
1 
. 
. 
I 
. 
. 
: 
. 
: 
. 
: 
. 
F.grained, dirty olive gray, mXlam,S.st 
interbdd with Th lam silt st, gypsum 
veins, oyster beds, some bioturbation. 
Seq of interbdd I.st & multi colored cal. 
mud st (marls), rib former, L.st, light 
yellowish brown, Mud st. dusky red, 
360  :.,,,,/,..4  yellowish gray, dusky yellow, white gypsum7 
N-99 
Gc,Mf 
N-98 
..-,...  // ,.,
;.',Z
/////f 
.  . 
0 
'  ' 
mlm, 
. 
. 
filled cracks, large scale trough & 
planar Xbdg. 
Ridge former, v.Th, amalgamated s.st 
pale greenish yellow, light olive gray 
Ts,PP 
320 
N-97 
Gc,Mf 
N-96A 
Ts.PP 
280 
-
..-......---­ EU 
LW/C"--.1"11 
.......... /m"
WS 
/////f "./
mi'-':5" 
-
al 
mu 
IN 
' 
, 
Mit 
NM 
, NE. 
(5Y5/2)to med gray, oyster shell hash, 
convolute bdg, cal. cemented. 
Gully former seq of interbdd mud & 
Th-Tk bdd s.st, mXlam-trough Xbdd 
oyster shell hash lenses,bioturbated 
1/2' borrows, Sd/Sh ratio 1:3. 
Large scale trough Xbdd,l. reddish brown 
S.st, I. olive green F.C,with 1' mud st. 
MONO  Massive olive gray mud st,with 1/2-3" 
fl/f/:,
ff/////  I 
f. s.st,oyster shell hash lenses at places. 
Large scale trough Xbdd-mXlam, light 
N-96  reddish brown S.st,light olive green F.C. 
= 
*.= 
co  = 
tn  w 
Ts,PP 
240 
N-95 
,J,C4WI Gc,Mf , 
200 
liogri."71.1, r 
f/f/f/
',If,/
,///// //
'r/ ,. /. m.,
.....,/, ,,,,/, ,,,,,, rm.,/ ',v.', , , ,,,,,,, ,,, 
"-ern/ 
Dusky red, massive clay st, with highly 
carbonaceus plant frag.& gupsum filled 
rootlets. 
Dusky red, massive clay st., like 
Unit B except more yellow brown. 
Light pale olive mud st., with lenses 
mXlam, f. s.st, Th bdd. 
Mud st interbdd with s.st. 
N-94 
Gc,1Af 
mem= 
on -
II 
IN 
S.st, mud drape ripples.
Light pale olive med st, gypsum filled rootlets. 
Rib former light olive gray,S.st, mXlam, 
N-93 
Gc,Mf 
160 
mrsihriihrihn 
Z.Zi::____"`; frm .. /////.. ',rm.'s, Zi i0:5Z,,,, 
,,,,, 
mimi  f.-m. grained, cal. cemented, ripples. 
Dusky red brown clay st, upper 15' pale 
olive-grayish olive,l'cal. nodule zone, 
with cal. silt st. lenses in upper 3'. 
Lense of mX lam, C-VC, Cal. Cemented s.st, 
N-92 
Ts 
N-91 
HS 
;;;;5;;66: .../......m...,
f/f/f/f/f 
inidap-z. ISIICIB 
KoP1051950161 
...  .. 
II  -
we 
pale olive (10Y6/2) W.C., Light olive gray 
(5Y512) F.C., few mud-st rip-up clasts. 
Dusky red brown, mottled clay st. 
Caliche Zone,cal.v.f.s.st filled nodules. 
Same as Unit C, mottled, calcareous. 
120 
N-90,Ts 
....,,..i.,w, 
ern.,  / 
Like Unit B, except scattered Molluscs 
shells (Pelecypods), gradational Ctc. 
N-90 
Gc,Mf 
N-89 
Gc,Mf 
80 
N-88 
Gc,Mf 
N-87 
r
Gc,Ivh 
N-87 
X  40 
N-87 
ff  ff.,
/  / 
.4....../.:: 
f/f/fl  /
f/fff  S ;.=., 
,  14Z 
/// f/ ;,, 
f  /f///
/f/////// 
REROWARI 
14,,,Z.Z 
e  ,,,,  r/..../
LI.I.cdorze*Kal-­
I I 
li 
Pale olive (10Y6/2) Mud st, grayish 
olive (10Y4/2) F.C., mottled, mod­
erately indurated, blocky (Unit C). 
Same as Unit B,upper Ctc gradational. 
Same as Unit A, except no shell hash. 
Slope former, mottled, massive, red 
brown paleosol, dusky red (5R314), F. 
C. dark reddish brown (10R3/4),weat­
hexing blocky to soft caly (Unit B). 
Massive, soft mud st., W.C. yellowish 
gray(5Y7/2) to dusky yellow (5Y6/4) 
F.C. light gray (5YR7/2) to med gray 
(5YR5) with greenish tinge, scattred 
M  forams, some carbonaceous plat frag­
ments oyster shell hash in upper part, 
mottled, bioturbated, slope former, 
-
base not exposed (Unit A). 
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PINZA TILARE TSAH SECTION
 
STARTS  68° 26' 31"  30° 55' 38" 
ENDS  68° 26' 32"  30° 56' 00" 
Cla-
Carbonate  Fossils  :  ¢dditig
stic
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(4 -0 a)

-- Z  4- 0. 0  U.  >. 1CD  u) 2 
co  0 I- tn  ,c a CD  a, E  iz  Comments 
...  co  ..
..be a,)  ..r._  42 c g c a)  a CD  0  0 
..c E  C.  0 73  k7i  0  3 ,.  2 g F2 ig -8 ' ,I'L  E  ,e  0  a 'C  ,Nov
cD6  .?_s 0  >, .,... c4r).22mcgs J  c 'A  8  cc  0 2,215 Wcts (,  c=ci  ocn't;rc  f2  - r`:.2' 
1920 ­
1880 ­
1840 ­
c- ­
d  c c 
c t i 1800  ­ 2 
Nil  Massive, shallow marine Ims, ridge .  .7: o  MZ-19  mi.=  former, light to med brown weathering,
Ti  Ts  .c  12 ...mi.  med gray F.C., mainit wacke st. to I
 C.0  1760  ...  8  pack st., at places micritic & grain st. .n  also. MZ-18  ... e  MI 
.
 
Ts  II
  PIM  IIII 
:0 4.,- se  in
 iii  rri  r
 
is a ..e _ _ e - 1.1 1720  ...... 11111 
cn Nommilus 0  III al  li 
.0­
cz  "8. __0  .  W  ir  Alternating turbidite sequence of olive 
1mm I  -.m- IIII  green to med gray shales and light I I I I 
1-.  brown weathering, med gray foram a) - e ___ 1 3 . a.  "  Ell  wacke st. to pack st., at places micritic 680  =  mg. __...,,,..... MI no  &  packstone also, L.st/Sh ratio 1-2:1, co i  r -- 0  Nis  U flute and load casts at places, few r a)  r  burrows in the upper part, Foram 
-T3  - a  packstone at the base of turbidite
MZ -17  .....,  e .  mi.  PI  grade up to micrite or wackestone. 
.  Ts  l MIMMIIIMMINII=
1640  - ling  II 
11 
IIII
F
.77, 7 
MZ -16A  r-/E C--g A i
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II	  Same as Unit E, except in the middle 
. . and Upper parts rib former
1  micritic I.st changes into foram wacke I 
st. to pack st., in the middle part some
III U	  bed are grain st. also, Bouma AB,
II  i	 
BC & CD at places, in case of 
Bouma AB, grain st. forms the
N  Bouma A, with sharp bottom Ctc. 
U ii I  1110 
Rhythmically bdd seq carbonate 
turbidite of grayish yellow green 
weathering, light olive 383 
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gray carbonate mud & light brown
 
weathering, light olive green, rib
 
former micritic I.st. Rib/Mud ratio
 
1:4-2 towards top (Unit E).
 
Same as Unit B with bigger angular 
clasts & forams in the clasts, large 
benthonic nummulities, some igneous 
rock fragments. 
Same as Unit A, L.st/Sh ratio 2:1.
 
Same as Unit B with bigger clasts &
 
large numulid & alreolinids forams
 
in the clasts.
 
Same as Unit A.
 
Same as unit C with some Th lam 
ribs. 
Same as Unit D. 
Same as Unit C, upper part Th lam. 
Micritic I.st, W&F.0 mod yellow brown, 
med light grey,Convolute bdg(Unit D). 
Same as unit C. 
ame as unit B, except size of the clasts 
is bigger (upto 2"), forams(upto 1 cm), 
channeled shaped,Cal veins,Mod jointed. 
L. gray, v.fine carbonate mud (Unit C). 
Same as unit A. 
Carbonate Debris flow, clast supported,forarr 
I.st clasts, flute marks at base (Unit B). 
Rhythmically bdd seq of I.st & limy 
shales (marls), Ls/Sh ratio 2-1:1, 
Shales weather light yellowish gray 
F.F light olive gray, with platy 
weathering, L.st weathers grayish
 
orange (10YR7/2)with light
 
brown (5R3/4) & dusky red
 
(5R3/4) patches, F.C., med light to 
med gray, micritic, sharp bottom 
Ctc, with flute marks, convolute bdg, 
Bouma ABC, BC & CD at places, with 
fine carbonate mud at the base 
(Unit A). 
Covered zone, poorly exposed at 
places, similar to the zone 
described above. ----
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Mlia 
Same as 565-645' interval, except 
mini  L.st/Sh ratio 1:3-5, from bottom 
to top, I.st thickness increases from
wpm;  <3-2. towards the top. 
Same as 565-645' interval, except 
L.st/Sh ratio 1:2.1, from bottom *  to top.
ini	 Micritic I.st., ripples & Th lam in upper 
part, with Bouma BC & flutes marks.
NO 
Same as below, except L.st/Sh ratio
' 
1:2-4. im 
ion 
' 
IMP 
PP. Seq of interbdd I.st and limy shales,
Mg  F. & W.C. same as 420-498' interval, 
i  i  Med bdd I.st show Bouma BC & flute 
Oli  marks, and are Th lam in the upper 
part, I. st thickness increases 
up-section, partly covered at places, 
L.st/Sh ratio 1:2. 
. . 
MIR
 
MN  Th-med bdd, Th lam, micritic I.st,
 
mi  convolute bdg, Bouma BC.
 
Same as 420-498' interval. 
It
i 
oin .; 
Th-med bdd, micritic I.st, with 
ripples and Bouma BC. No No 
"I 
ni  Th bdd seq of interbdd micritic I.st 
m
'  and limy shales, W. & F.C. 
i  same as below, except L.st/Sh ratio it  1:2, I.st Th lam., convolute bdg.
"I .; 
1.; 
Th lam I.st., with ripples, Bouma BC. 
m; 
i  Same as below, except the shaly seq 
ni  looks limy (marls). - - - - -
_  _  _ 
- - - -
--- -
- - -
- - -
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MZ8 
Gc,Mf 
360 
320 
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MZ-6  0 
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Gc,Mf 
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Alternating zone of sandyl.st and fissile  ...................
 
shales, with light yellowish gray,light 
olive gray W.F.C., L.st is Th lam, med 
gray F.C., mod yellowish brown W.C., 
sharp bottom Ctc., L.st/Sh ratio 1:4. 
..  .  Rib former,Th lam 1.st.,flute&load casts. 
__  Alternating sandy I.st and fissile shales 
....sir6hr /Marls, Ls/Sh ratio 1:2, chippy shales Z11 coasoms  Th lam I.st., W. & F. C. same as below. 
.  Seq of interbdd fissile shales & sandy I wi  Ns  I.st, Shale weather light olive gray
 
- - - 1  (5Y6/1), olive gray (5Y4/1) F.C.,
 
..  No  chippy weathering, Sandy I.st, Th lam, 
- - W .C.,  v. pale orange brown (10YR8/2) 
to grayish orange (10YR4/2),F.C. med 
light gray (N6), sharp bottom Ctc., at 
- - .....  places mXlam, & Bouma BC.
-
_ _-.  Grayish yellow (5Y8/4) to dusky 
_  . _  _  --- - - yellow (5Y6/4) to light olive .. 
- - brown (5Y5/6), with light olive 7.1.ii_ 
_  green streaks,W.C., med gray F.C., 
---- - - bioturbated, slope former.  ........­
1 
Fissile shales, light pale yellowish 
green,W.C., med gray F.C., splintary 
_  weathering, partly covered. 
Sandy I.st, Th lam, v. Th-Th bdd, sharp 
. .  bottom Ctc., W.& F.C. same as 150­
MI  152' interval. 
W.C. pale yellowish green (10GY7/2) 
F.C. grayish green (5G5/2) to med 
gray, platy weathering, fissile shales 
slope former, partly covered. 
Fine micrite carbonate mud, med 14 
bdd, rib former, W.C. grayish 
orange (10YR7/6) to dark yellow­
ish brown (10YR4/2), F.C. light 
olive gray (5Y6/2) to med gray 
(5N5), 
Mainly covered, fine fissile shales, 
drag folded and thrust faulted near 
the base. 
4k"`16. 386 
TORAI NISAI SECTION
 
STARTS  68° 31' 44"  30° 56' 57"
 
ENDS  68° 31' 15"  31° 57' 10"
 
.-- .  Fossils  Bedding
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a z  E- c  ,m, , I. ei, ,,E 0..  . 42  :.  z  To c g: 0 ea 0  68.  x 0  Comments ele' o  E  Ti  -Y :0:rn  0 - 0 c 01=TYu_. -C  ea a)  0 >.  M. 0 .. IN  Os 2I­ 17).  .4 71  (1) 0 c.E  ' o  . Z  CC  Ta -.Th  11;4,...,13 'a  en  BF. c":;;'/W,.emi..s .? 
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. . . .  . 
1000 
960 
920 ­
880 ­
840 
800 ­
Top of Section  (at least 400 ft of thin-bedded Is above) 
.... .  (3) N232 Ts  Mouth of canyon 
...7"...1.1J II .11132174 10 ft thin- to medium-bedded, bioturbated op -., mi.  N..777...1 II Iii
limestone with mudstone rip-ups 
760  ii  i IN 
101
" 387 
760  a  0 .......-....-....... ,====. )..mimim m% 
"7-- 'REIM ...:......Z. =will=M mm  = ,...L., ""w  IIII  11 
45 ft very thick-bedded skeletal grainstone, 
bioturbated in upper part 
Base of FOURTH RIDGE-FORMER 
4 ft interbedded 6" shale and 1 ft Is. beds 
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Cover, slope 
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(..-', N225 TS 
N224 TS 
N222/23 Ts 
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ra. 
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To 
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0) .0 
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1E I­
MI 
1M 
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15 ft thick-bedded Is. 
15 ft thick-bedded Is. 
3 ft shale interbdd sorted benthonic foram 
skeletal limestone. 
25 ft thick- to medium-bedded grain-packst., 
intraclasts, red algea, pelecypods. 
2 ft cover = shale? 
25 ft v. thick-bedded grainstone to 
packstone, some shale partings, some 
thinning upward 
20 ft thick- to medium-bedded grainstone 
to packstone; foram-bearing; minor 
fining upward 
Thick- to v. thick-bedded Is. 
massive cliff former 
1 ft shale 
45 ft of tk bdd Is., bioturbated, beds are 
more lenticular and wavy bedding, 
thin siltstone partings 
48 ft of tk (2 ft to 4 ft) to th and medium 
(1/2 ft to 2 ft) bdd, blocky, well-jointed Is., 
even beds, wavy laminations (3-inch 
horizon) at 5 ft above base, bioturbated 
Base of THIRD RIDGE-FORMER 
360 388 
360 
320 
1 \\  - N221 N221 TR 
Tk to th bdd grnst to pkst, some micrite beds 280  S 71:ml n! r. : 22Immi...  bioturbated, good long burrows in top 3 ft. 
0' fining & thinning upward .4* 
CID .
 
GC 3 ft shale & th buff marl, slope-former
 N220 ,,,
 
N219  T S  /E EZ 1 7.; I1

=im=== 
rW= 
iem  431)
 
N218  TS 1.'  ---."1
 Ts ..==-.=1M rry...n N217 m,.  SECOND RIDGE-FORMER Tk to v. tk bdd ...__.. 12  lenticular Is (grnst & pkst) w/some silt 
C d  E : FmrmrC li
0-
partings that make wavy bddg. Lower 2 ft 
re  ...........21=2  a.,
 
===.2.= cl  m  of Is has mdst rip-ups and greenish chert 2.mimimi mmi cr, GTo  mimim ,- nodules (6" long). Sharp basal contact on 200  mmi  =  c«.  shales. Thick Is. forms waterfalls. 
w  222. 2 
Weathered: very It gray (N8) to grayish MS:2 ..0  -6 .iiiiimi=2-_,-.2 -c
CA  22......= 
w,  orange (10YR 7/4). Fresh: med. It gray (N6) 
Ls. is bioturbated and contains some small 6  6.-M2IREn z---- ...., 0 . ,  foraminifers in some beds. At 20 ft below .71 I 1 pi La = a S'  so top contact, abundant burrows on one 160  maii)21-22. OD 2 =.22.22 _ .x  horizon. Some horizons are cut by 6"
U
 immizmim - veins of calcite. mimi  .c m=  1­
il..2.

We EWA= 
N2I6  TS  .....-...M.... Nap.=11=1=1M.:
 
,,,-,  =
 
120 ......;---..... 
Lmaa Z E  ,," .----.
N215 G,  Interbdd marly shale & micritic Is. N214  MF t 
N213  TS
'  DOUBLET micritic Is., lam. in upper part, ..FIX, 15_55 .  I : N212 w/chert nodules & burrows full of pellets cc
N211 MF 
.  ,  Interbdd shale & th to tk Is. beds N210  TS .  Massive, bioturbated, tk to v. tk bdd, 80  7..4:221--j4; .­
ir  i-as,  abundant forams intraclast pellets. 
grnst to pkst, wavy bdd, f. fossil. fragments N209 is ii........
 N208 r  2 ft gray-green fissile shale
GC MF  r_ 4 " .... ...el: -,....-­ . ilL 1 
40 
N207  .....;..=-.. FIRST RIDGE-FORMER, massive, lenticular .......=43Dm.
 
I 
Is., grainstone to packstone, finely .....-+rr.....­ cap  mm.r..s  fragmented, well sorted forams, crinoids,
.2-7----.:........m.i... rounded intraclasts, pelloids, coated grains = 5scs ...  in sparry calcite, some sparry calcite micro­ - II N206 
GC  veinlets. 
N 05 MF 2 
..""  Faint. lam. micritic Is. w/chert nodules and 0 -
**
V.
CJ 
r=ii 1 ft gray-green marl at the mouth of Canyon, o
 
. n . i i N204 TS* 
_ 
- . &All Thrust Contact.
 
i..  c.i 
c.,  as  Approx. 100 ft, drag-folded, thin- to medium-
t... 
ILL  N204  .  bdd, dark organic rich mudstone and micritic s  at . 
GC. MF  turbiditic limestone. 389 
MANZAKI SECTION 1 
STARTS  68° 57' 24"  31° 23' 54" 
ENDS  68° 58' 29"  31° 23' 20" 
Bedding 
u)  0  ----.  a) 
.CI) z  L7'.  Q.
cn	  me, 5 ,  >. a) ti V415') I 0	 
. 
4T2 -EL =	  .  .- -6 ec, Comments
...,,,L.0  zr,  g  05 0,13, 0	 >. =  E  11-,  0
....  co  0  0  .0  J 5 F, .c,:ri z l';'  if, t ?:3,R2g
.-7  CO  "  cc  = 2--1 , 0 u"),u)rE 2 0.1 di .c 4) .§,,0
2 Fs 3 ii) 2.c.).a. 0 0 5_ 2 I >  46 en gym 
6720 ­
6680 ­
6640 ­
6600 ­ (See Manziki Section 2) 
reere, -Nere.,....., ,reefer eve.e.e., '0,e///l	  Nodular, dark gray silt st. 
,,..,....1.,/ 6560 Vekv  High angle planar Xlam s.st., sharp Ctc., 
upper part ripple lam. 7/4'4";  ,  , 
"...'...::::%.*:  .  .  Planar Xbdd, calcite cemeted, massive 
.  .  at places, upper 3' ripple lam. :.,.'V
Pi.,>..->i,e Gray green lam silt st., 'Ali  S.st., lam-mX lam. 
r.V.,1.,/ 
.i*.:1 6520 --......./.....
 -....,..,..... ,..,,,,,,
-.....,.....-.. o_  ,..,,,,,	 Chocolate, massive silt st., poorly 
-.,........,

a) ...,....-,,	  exposed. - -,,,,-,....., -..,,,...... cv.........-...
 
ma  .:.	  Fluvial, massive, parallel to high angle 
a- 6480 --.."...--.­ planar Xlam with some mica flakes, D  LS S_.%.-. 
".4,eo......7	  forms low ridges, lense shaped, 
bioturbated at places.
Ts.PP  -ii-.1,-N 
N-52,  40,§),,e. 
Levee deposit, interbdd mX lam, 2-6"
Gc,Mf  -;;;-;;;;;..., 
s.st with 2-6" red brown clay st. 6440 --..,....,..eiv 
-..............-..,
 r/e/ eV,/  Maroon, chippy mud st. 
,............./...,
 ./eff.II., 
....Y:Y. ..	  Rusty, dirty, massive, lense shaped. 111 
Chocolate mud st., massive, bioturbated. 
-,,,,, 
,
, 
. 
S.st., mX lam, platy weathering. 
..,,,,...,  1 390 
6400  ;;;;;;..  ,,,,,, 
,,,,,, ,,,,,, ///,f, .-...,,,, ,,,,,, 
mow 
..  I  Chocolate colored mud st., partly coverd. 
S.st., mX lam, rusty weathering. 
Chocolate mud st, with 6" Th lam ribs 
of sandy silt st., partly covered. 
6360 
Ripple mX lam s.st., less resistant. 
751iFi, ..-..,:...::., 
6320  :...: 
Channel fill, high angle planar Xbdd 
s.st, foresets 1-5' high, cal. cemented. 
"RI... von. 
6280 
. , w ;..
/1/
';k ' ,  r.,.. 
..  ,,, ,,,,,,, 
Massive, reddish silt st., mottled, root 
traces, bioturbated. 
. 
6240 
. 
' 
. 
.  Lense shaped mX lam, rusty weathering. 
tiriffA  Maroon, bioturbated, silt and mud st., 
interbdd with dirty mX lam, calcite 
E  N -5l,  mis tf,4 
.... 
,  cemented s.st with gradational contact. 
as 
(7) 
rn 
8 
.n.
D 
Gc,Mf 
6200 
6160 
r....:Amegill 
,,,,,e, rm.., // / / /// ,/f /f,,, 
5%./... .1::: 
./...../rr , 
/4./e/d / ///
;41,..  .,,, 
NMI 
mw 
Wig  Dirty, calcite cemented, mX lam s.st. 
Ligth greenish clay st. with some 6" Tk 
lenses of V.F.s.st. 
Faintly lam s.st. 
Red brown, nodular silt st., massive, 
bioturbated, 2' caliche zone at the base. 
Th. lam, red brown, mX lam s.st. vertical 
roots and bioturbated in upper 1". 
N-50, 
Gc,Mf  tryi-t 
Massive, chocolate to maroon Mud st. with 
s.st ribs, nodular with gradational contact, 
2' caliche zonel5' above the base with 
6120 
Wail 
Pffif 
fir",,s1.1.1216  MI  mind 
faint vertical roots and at the base insect 
burrows (Paleosol). 
Th. lam, red brown, mX lam s.st. 
))...,..., 
6080  3W: ,, /F,,, M / // // / 
,..,,,,,.. ,,,,,.... 
:::Vri. / / 
Massive, red, brown, at places multi­
colored Mud st. & silt st., bioturbated, 
root traces at places, with sandy silt 
st. 3-6" ribs, Silt/Mud ratio 1:5. 
6040  / /'';',;; 
//// / , 
/////// /////// ........././ /////// 
1gP/1.; /  /1/ ///////  I_ 391 
CL 
6000  -,.$2'.. 
..  ..  .. .. ... 
5960  ,--0.,.' 
:.P%  -I  Olive to greenish gray S.st with high ..............
 '..*** angle planar Xbeds with parallel
 . ..., ...
  truncation, each set 2-5' Tk, massive
 :: 1s.4-4.r.

5920 - at places, scoured surfaces, bottom 
': ': 's  - 20' is mainly mud st. rip-up clasts. 
:.. ::.::-.. *.' 
-/-*. 
5880 -2;.ttiii.*: 
:  : .  :. r  '.
)­
-
-../././.

5840 -.=:=
 
...mem ,,,,,,,,i ...v.',/,' 
..,,,,,,,/
 --.....e/...... -,,,,,,,, Partially covered, maroon & chocolate, r.,,,,... ,././.... mud & silt st., massive, bioturbated. 
m ,,,,,,,,, -........,/,
 '  5800 -:=Xi -,,,,,,,,
....,/,,,,,
 ..../...,,,,,
....e/eff,/

./.../...///,

Cl. ,/fre.,,,/
 D
D. 
"ern,'" ,,,,,,,,,,/ 
....,,,,,,, -,..../.,
5760 -4i,=.1 -..../..../.... Dirty silty s.st rib, Cal. cemented, load -:i""4  casts, bioturbated, sharp bottom. 
1 
N-48,  -,.?,.//,'il  Red brown mud st., massive. 
Gc.Mf  ac.;,;:  Th. s.st. rib, red brown. 
/ Red brown mud st., bioturbated, lower 2' ,/i N-488  ,  :  well developed caliche nodules (Paleosol). 5720 a" 42221L  MOD  Silty s.st., massive, structureless, red
N-48A,  ,e,
,,,,,e/e, brown, cal. cemented, load casts,
Ts.PP  ;;;;;;`.;;;'  well indurated.
 
-..r/ / / / / / /
 -///////  Multicolored, i.e., red, brown and 
,,,,,,le
 ,,,,,,,, chocolate, massive mud and silt st. -mi.'', 
5680 -;,?'%:M 
;-.-.  S.st with large scale planar X bdg, 2-5' 
in amplitude, forms rounded slope, 
..:.1.:14;14;e dirty, lower 10' has lenses of mud st. .:..,-.-..:.. 
rip-up clasts, Cal. Conc.at places. 
::::: 
,........./  lll
 -,,,,,,,,, 
,,,,,,,,, lll -.././..., 
re.eff/le,

',//e/f/l

.  ...
 392 
5560 
5600  '"/""/ ==	  Partly covered beneath creek alluvium, (...,/,,,,,, /........,/,	  red, maroon, chocolate brown silt and
  _,,,,,,,,, /......,,,,,	 mud st. ././...,,, 
;.1,=',"

,/e/efel/
 1==
 
,/e/f////

,,,,,/,11

.//i,/,/,

,/,',/,,,,
 
.Xf'%.;%
 
,,,,,,,,/
 ,,,e,,,,
 
'  010	  S.st. with X bdg, dirty, scour channel. 5520 .!"..",,,,,IS  Red and maroon mud st with silt st rib, silt ,,,/,./r 
st ribs are 1-2" Tk, massive, bioturbated, ivIrk.) , .,, r....e, 
-:
 
at places with root traces (Paleosol).

J........../...."
 
:  .  .  .	  Large scale planar to trough and minor 
. . 
.  .	  X bdd, 3-4' parallel lam., Cross sets 
..
5480  -,..  I
, 
t
.	  1-2' in amplitude, dip <10°, sharp 
.. pi .,	  bottom contact. 
'Me',/,'
 
,...//e///,
 
..;Z,, ;Z..)
  Chocolate and maroon massive silt st. 
a_  ,,,,,,,,, //I/I'M	 partly covered.
M  r,/,,,,,/

W  5440 _,:.,,,,,,,,
/
 
- ,,,,,,,, o -
S.st., mX lam. 
,,,.........
0
o. tiZiiiii, ,i/t////,
,,,,...////

.efo.
 
,,,,,,.../lo.,	 Chocolate and maroon massive silt st. ,,,,.......)

5400 -;..7.;;;;;;=  ,,,,,,,, 
°I.,/,',/,/
 
'9=:1	  S.st., mX lam. ,,,/,,,,... ,,,,,,,,
,,,,,,l///

,//////e/

5360 -;::=	  Chocolate, reddish brown, massive ,,,,, , ,,, ',vim/	 silt st. P,,,,,, ,,

,/

,,,,,,,,I
 
N-47.  -;;;";...1:::".ii 
Gc,Mf  ',Za
-.../....,,,ei

5320 -;:.<"", 
Lam to mX ripple lam s.st., -:. ­
-,...TI4
mo.m.mom  separated by cover probably composed 
_.,...,.._	  X bdd s.st., each interval 3-4' Tk 
...... ....,...ti
NA 711  of same type of s.st., high angle X lam, 
5280  ripple to small sand waves <1" sets. 
.... 
''"<.74-	 Same as below, except at places
. - .. -,_:...­
N-46A,  .."-Sia, .r.i.l".,..	  massive, and has lenses of mud st. 
rip-up clasts. Ts.PP
 
5240
 
N-46B,  .
-
. 
Gc,  Grayish green S.st. with high angle ':'''  scale planar X beds with parallel
:........... : ..
  truncation, scoured channel surfaces .. .  .  Carbonacous plant frag. at places make 
61.i 393 
5200  ..- .  the lamination, channeling cuts out 
..  . .  . 
underlying mud st. over 400'. 
: ... -.' :. .' :.. .-........;'
 
14141),,,,, ... ,  Reddish brown, chocolate Mud st., slope ,r/ /... ...  , ," ,.....W ',W.,/
,  former. Ce'::r-4''-:... 
5160
 
....  .  :.... 
S.st. with high angle large scale planar 
5120  X beds with parallel truncation, Cal. 
Conc., scoured channel surfaces.  ...,.... 
: 
.  . -. 
5080 ­
-:,..,.. 
Large scale planar X bdg with high 
.  angle foresets, Cal. conc.
-
5040  ....***...  Parallel lam sets of high angle planar 
X beds. :.:ZiCi :  -,  -.  S.st. with high angle planar X beds 5' in 
_ :, .. .. .. :.  height and with parallel truncation, 
o_  foresets dip 20-25°, at places massive 
cci  and Cal. Conc. also. 
7, 5000 ..
aN-45, bon,-7.
S.st. with high angle planar Xbeds. 
e,.. 
8 N-43.  IP.:1'. ":;31:'  S.st., with lenses of mud st rip-up ci.
 
D °- C,  "'",.-?If-kgr-.  clasts, high angle planar and X beds,
 G Mf  ,e,11// /
 
N-42,  ie,,,:::.:Z;;';  trough X beds 2-5' high, angular to sub­
..,.,..-... Gc.Mf  ;.,.......:...z....,.;  angular grains, moderately sorted.

4960 --::;zz.,
,////,....e, e//,/,,,,, 1.////rno ,.e.,/,,,./.. 
+MM.",
A.,/ fre.e.e, f.,/,,,,,, ref/ //.,/,
 
4920 --;::::;%,...;Z:
 
"Zr,,,-, 
;1.1 /:',...%:.;1 ..../....e/l.el,  Multi colored mud st and silt st., i.e.,
,I.,/,///, chocolate, reddish brown, greenish to
,............../..,..
  ............,...
  buff, partially covered under creek ............,
 
4880 --;2::::::.Z:.'  alluvium.

.,....."........
 -..,....,..,-.
///,/,/to +/I'f/e/JA ,f.effe/.1.. ..,,,,e/fo ,././e.II.,/,. -"Zr,',., ,////ef!, ,/,',/"/".. ,/////We 
4840  --:::-ZZ.Z.; ',17,,,,, 
',Ie.///7,
",.///,/,, ,//e./e.,,, ,//7/.,,,, 'Zr,',", "Zr,, 
:<<//../': 394 
, .....,,,,,,,,

480u  ./.../.../../.
 "Zr,,",,
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..,,,,,e.I.,
 
eff,///!
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Multi colored mud st and silt st., i.e., 4760 -"."--"" ,,,,,,,,. ..,,,,,,,... chocolate, reddish brown, greenish to ./...../. ./....../e/.. ...,,,...-.,  buff, partially covered under creek 
..../eer/e.,
 
..../..///r., alluvium. 
-',,,,,,,,,
 "Zr"
 "Zr,,"
 'MM.,/
 "Zr,,,
 "Zr",

4720 --::,.;;;;;;.; "Zr'
 "Zr"
 "Zr',
 "Zr"
 "Zr'
 "Zr"
 "Zr',,'
 "Zr,,',
 "Zr"
MI  iii
"Zr',,,
 "Zr,,
 
.c  4680 -..x*Nz1  High angle planar s.st., calcite cemented 
E  N-44,  ,,,,,.. forms low ribs, dirty looking may be -ci_  'Zr",," 
..,,/,/,...... due to more lithic frag. "Zr', co  ....,,,,../..
To  ^-,......./.....
 o  ...../..,/,.. 'Zr", "Zr" ._  ..,,,,,,,e,
.

a  .....,,,,,/ Multi colored mud st and silt st., i.e., "Zr', 4640 410'14,  ',/,,,,,,,  chocolate, reddish brown, greenish to "Zr','
buff, partially covered under creek ref,,,,, ../,/,..../ ',,,,,,,, alluvium. "Zr'
 
',/e/f///
 ....MM.,/
 
"Zr',",
 "Zr"
 "Zr",
 "Zr,",
 
4600 -iiiZiii
 
.,,,,,,,,,.

...,/,,,,,,
 'Zr,,",
 "Zr',",
 "Zr',
 
..././....,..
  Massive s.st., lower part show high angle ..erfe///,
 
planar X bdg, foreset dip >20°. . .
 C
 . 011

. 
Parallel lam s.st. "Zr'  0 
4560 -:'.22.2-',1Zi "Zr'
 
',WM',"
 
.,,,.....,,,,
 "Zr"  Chocolate and red brown massive mud 
'MM.,/ .,,,,,,/ st., with some xbdd s.st.,1-2" Tk beds, 'Zr"
 
....//,,,,,, partly covered with creek alluvium. 'Zr',,,', 'Zr",

4520 ---...er,./.
 "Zr,
 "Zr,,,
 "Zr,,'
 "Zr",',
 "Zr,",

V.e.1,,,,e1
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c  MIMI I1 
76  I I  I ',,,,....../1
 
ra.  .. .. ..  .  .
  Dominantly mX lam, asymmetrical 
. 4440 --1:..-AeNot'5.  . cc;  .  .  ripples, 1-2 amplitude, undulatory 
cr.) p
I 
upper contact, sharp lower contact I I  . -. -.. ­ with underlying mud st. ;0001.:ANII 
N-4I,  - - - - Med gray to chocolate color mud st. o
 
-,  -.- IH'  Ripple lam, 1-2" high.
 Gc,Mf  ':...)014;Cal:::
_.  . . . . 395 
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4400 
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4280 
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4200 
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4040 
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."..'.....  :. : .:. 
....., -...  .. 
: ' 
lk lc 
. 
..  . 
.-.-.......
 - " 
IL. 
IN 
SI. 
ZEt2a 
- - . . 
.-.. ...- .-,-. ...- :.­
..:...:.-.­
4 104:.?..zi* ............
 
kia._-"--54i
:%.::%:-. 
.  ,  . . , 
. 
, 
. 
. , 
Ripple & mX lam s.st, f. to med. gr. 
Planar lam, med gr. s.st. 
High angle planar Xlam to parallel lam,
 
s.st.
 
Cover Creek gravel and alluvium. 
Large high angle planar and trough Xlam, 
s.st., calcite cemented, micaceous, 
quartzose phyllarenite, v. f-med gr., lenses 
of mud st. rip-up clasts scour into s.st., 6' TF 
massive s.st in the middle part, high angle 
Xbeds are 1-2' in amplitude. 
Mud st. rip-up clasts & oyster shells Frag. 
Gray Mud st. 
Ridge forming, Tk bdd s.st., parallel to 
high angle planar Xlam, Cal Conc. 
Cover, with upper 2' mud st. rip-up 
clast zone, maily composed of mud st. 
broken and oyster shells. 
Parallel lam s.st., with mud rip-up
 
clasts and oyster shells at the base.
 
Cover, with some mX lam s.st. 
parallel lam s.st., mod well indurated,
 
angular to subangular grains, moderatly
 
sorted.
 
Parallel lam with ripple Xlam. 
Parallel lam with Cal Conc. 
Parallel lam to mX ripple lam 
Massive to faintly parallel lam. 
Parallel and mX lam s.st. 
Low angle Xbdd s.st 
Parallel lam s.st. 
High angle planar X bdd s.st., Xbeds1­
2' high, with planar truncation. 
Cover slope former 396 
4000 
3960 
3920 
3880 
3840 
a: 
co 
TI) 3800 0 
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3  o 
_1 
3760 
N-38,
 
Gc.Mf
 
3720 
3680 
N-37,
 
Ts.PP
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7,2,, ,,,,, ,,,,, ,,,,, ,,,,, ,,,,, ,,,,, 7 ,  . 
Cover slope former. 
Red brown to maroon, massive silt st. 
Cover zone, slope former with alluvium 
kik 
Th lam s.st. 
Cover. 
et9 
'-1.7 '---4 1 
w. 
NI 
hh.  ' 
Th lam, platy weathering, HX-mX to 
parallel lam s.st., massive & 
asymmetrical ripples at places. 
Cover. 
Low ridge of amalgamated Hummocky Xbdd 
S.st., Swells 19-30", Calcite Cemented, 
Some cal. conc., Bp- up clast zone shows 
MAO, oyster shells & mud st. clasts, 
upper 5' massive. 
Cover, slope forming. 
: . %. , 
,o.,..,
,ZZ­ ,,,,,, ,,,,,, ,,,, f "3 /, ,,,,,, ,, ,,,, =';
,,,e,,, 
,,,,,, 
,,,,,., 'rm., 
1 
Parallel lam s.st. 
Maroon mud st, massive, chippy 
weathering at places. 
Partly covered, maroon to chocolate 
mud st. 
Massive, red mud st. 
Covered, mainly Th to Med bdd silt st, 
some reddish brown in color, slope 
forming. 
, 
...-.  ...., 0 
7.:44 14 
MR 
. 
, 
. 
i 
dm" l 
Ligth gray fissile shales. 
Med gray, mx lam s.st. 
Covered, or °batty Th to Med bdd ScV silt st. 
Amalgamated, lease shape, Wand planar 
high angle )(lam, for esets dip10°- 15°, 
hunmocks & swells are 1-2' in arnplitude, 
Some1- 2' Th par and lam s.st also. 
Covered, probably Mud st. 
Mud st., greenish gray, interbdd with 
mX to planar lam, med. to Th bdd s.st, 
at places Th lam also. 
Parallel lam s.st. 
. . - - . .  . . 
.  - - . 
.-pa­
.  . 
O.  Ar 
. 
, 
Amalgamated HX lam s.st., with platy 
j c i nt i ng at places hi liang e pl mar 
Xlam, 
Three 1' thick lense shaped mud rip- up 
clast zones with oyster shell f rag., high 
angle planar gam beds, Cal. Conc. 397 
3600 
N -36.
 
Ts.PP
 
3560 
3520 
3480 
3440 
1 
t) 3400 0 
a) 
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3280 
3240 
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k 
ill 
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NI=  Imo 
ill
:: 
Amalgamated, HX lam with some high 
angle planar lam at the base, In some 
cases hummocks are even 3' high and 
100' in length. Quartzose feldspar s.st 
ligthgayish(10C4/2)incdcr. 
Cover. 
S.st. with cal. conc., low lying. 
Cover with creek alluvium. 
Parallel lam s.st. 
Massive, large scale planar Xbdd, forms 
low topography, Xbeds 1-2' in
 
amplitude, could be amalgamated HX
 
bdg.
 
Cover. 
S.st., mX lam, platy weathering. 
Cover. 
Amalgamated Th bdd, planar to HX lam, 
calcite cemented s.st. --
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i 
Few Th bdd s.st., interbdd  in greenish 
grey seq. of mud st and fissile shales, 
chippy weathering, Sd/Sh ratio 1:2. 
Clean greenish, fine grained, HX lam s.s 
Mainly Mud st., with some interbdd fine 
grained s.st ribs, partly covered. 
Th bdd to planar lam s.st, subgraywacke 
ripple to mX to HX lam, mod. indurated 
mud rip-up clast scour into the mX 
lam s.st, 8' thick oyster shell hash bed 
near the middle part. 
Partly covered, upper 20' is massive
 
Mud st. with interbdd 3-6" mX lam,
 
fine s.st beds.
 
Th bdd s.st with interclated silt st beds. 
Greenish grey, high angie planar/trough X 
bdg, Th mX lam near tcp, mud rip- ip clast 
zone at the base cutting into mud st. 
below, with 3' long log impressions, some 
contorted bdg also. 
Massive, greenish grey, Cal. silt st. 
Th !aro s.st interbdd wit h silt st.,ScY Sh 2:1 
Chocolate & ligth green, alluvial mud st 
with one 6" silt bed. 
Cover with creek alluviam, probably 
overlies mud st. 
Dirty, high angle planar X lam s.st.
 
Cover probably mud st.
 
Dirty, high angle planar X lam s.st.
 
Cover probably mud st.
 
High angle planar X bdd s.st., pyrite
 
nc., ripple lam at the top. 
Covo 
Very Tk bdd, ridge forming, massive, 
well indurated ribs of s.st, 1-3' 
amplitude, planar X beds with 
horizontal truncations and ripple lam 
at the top, High angle across strata  dip 
weatherin9inP laces, 
30°PlatY calcite cemented, moderately -- --
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2640 
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N-29, 
Gc,Mf 
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to well sorted, upper 3' Th lam. A 3' 
rip-up clast zone at the base mainly 
composed of Oyster shells and mold is 
also present, S.st is quartzose, 
phyl I ar mite( I ithi c s.st), micaxcus 
( bi ct i te) , miner cher t, car bcnaccus, 
tightly cemented. 
Alluvial cover by two creeks, probably 
overlies the same bioturbated 
silt/mud st seq. as described below. 
Maroon massive, bioturbated silt /mud st. 
Drty well indurated, greywacke, ripple Ian. 
Mottled, bioturbated, chocolate Mud 5t inter 
bdd with Th lam silt st beds. Near top two 
2-3' fine, greenish grey s.st, sharp bottom. 
Mid st., radish brown, red, chocolate and 
greyish green in odor, mottled, structure 
less bioturbated, upper 2' mainly composed 
of Oyster "r eerCyster s in growth position. 
Calcite cemented, well indurated, high 
angle planar xlam s.st. 
Massive, structure less, bioturbated & 
mottled Mud st of red, & maroon color. 
Massive silt/mud st interbdd with Th to 
med bdd mX lam s.st. The mud st is 
gray green, maroon to reddish brown, 
mottled and bioturbated. At places root 
traces, tiny leaf, mica flakes, 
Thalassinoides and vertical burrows 
were seen. Look like a Paleosol 
horizon. 
Yellowish gey (5Y7/2) toPaleOive 
(101B/2) s.st with largesxle Omar 
xbdg, ridge forming, massive and well 
indurated, changes to Th lam s.st in the 
upper part. The massive s.st laterally 
grades into Th lam s.st seq. 
Th bdd, mX lam s.st.,Sd/Sh ratio 1:1. 
Drty looking, sib gr aywacke, shar p cont­
act with over & underlying tvbd st., Mud 400 
2400 
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rip- up clast zone, Toppart bioturbated. 
Mud st. part. covered, W.C. 5Y7/ 2- 10Y6/ 2. 
HX bdd s.st. 
Mud st. interval partially covered with 
alluvium and talus. 
Tk bdd, high angle X bdg, Cal Conc., 
parallel to mX lam, Th lam at the base 
and top. 
Covered with Creek alluvium,
 
alternating seq of s.st and mud st.,
 
where exposed.
 
Poorly bdd s.st, forms low ridges. 
Th bdd s.st., slope forming, partially 
covered. 
Amalgamated mX-HX bedd. 
Mud/silt st., Th lam, covered with talus 
Amalgamated mX-HX bedd. 
Slope forming seq. of interbdd s.st and 
silt st., s.st are Th lam. 
Amalgamated, HX bdd, HX ridges, middle 
part is platy, upper 5' mottled and 
frequently bioturbated. 
Shales 
Mud Cgl zone, shell hash, oyster, Mud sl 
clasts. 
Shales 401 
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Shales
 
HX-mX lam s.st., skolithos burrows
 
Th bdd s.st and silt/mud st. seq., Sd/Sh
 
ratio 2:1, mX lam, slope forming.
 
Mud st. 
Amalgamated HX lam s.st seq., with 
mud st. Cgl. zones with Cal. Conc., 
lenze shape, s.st are Th lam, 
make negative topographic feature, 
molds due to leached out mud st clasts. 
Mud/silt st., upper 15 covered with 
overlying s.st. talus. 
Th mX lam s.st. 
Shale, StY Sd ratio 4:1 with mX lam Th s.st 
Amalgamated, HX lam s.st., Sd/Sh ratio 
increases to the top, small ridge
 
formin g.
 
Slope forming mud st., partially
 
covered with alluvium and talus.
 
Th lam s.st., with interbdd fissle shales 
chippy weathering, Top mX,base HXbdck 
Mud st., slope forming 
Small ridge forming s.st., amalgamated. 
Mud st., with 1' HX bdd, s.st in middle.
 
HX-mX lam s.st.
 
Mud st.
 
Amalgamated, HX bdd S.st., cliff forming 
Cal Conc. 
Mud st. with a few Th lam s.st. beds at 
places 
S.st. with ripples & knife like ridges
 
Mud st. Sd/Sh ratio 1:3.
 
HX and mX lam S.st.
 
Mud st. 
Amalgamated HX bdd S.st. seq, with some 
mX lam. Cal Con., Sharp bottom contact 
with load casts. 
Mud st., slope forming. 
Th lam S st. 
Th lam S st. 
Ridge forming, HX bedd, sharp bottom 
contact, Hummocks are 1'-2' high, 402 
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a 
sequence is frequently amalgamated 
with the lenzoidal rip-up clast and 
Carbonate Conc. with oyster shells, 
mX and parallel lam, asymmetrical 
ripples near the top. 
Shale/Mud st. sequence, slope forming, 
upper 10-12 covered with alluvium. 
Fang upward sequence, Sand Shale ratio 
3:1, sand beds have flute& groove marks 
S.st with calcareous Conc. HX bdg. 
Mud st Cgl, Mud st, Mullusks, Oysters 
clasts, amalgamated, Skolithos burrows. 
Thickening upward sequence, Sd/Sh 
ratio 3:1, Shales become thiner to the 
top mx-HX lam. Skolithos burrows. 
Thickening upward sequence, Sand Shale 
1:3 to 3:1 from base to the top. 
S.st. and shale alternating suquence, rip 
up clast zone with 1' thick at the base.
Med Grey shales, chippy weathering, 
3-6' sand at the bottom. 
Flp- ip clast zone Thalassinoides burrows. 
Mud st. and Silt St., coarsening upward 
sequence, 3' rip-up clast zone at 7' 
from bottom. 
S. st forms ribs, mX-Hxbdd, 
Med. Grey Shales/mud st., with chippy 
weathering, slope forming. 
Grey green, calcite cemented, HX lam,
 
with two 3-6' silt st. beds.
 
Mainly Mud st, chippy weathering, with 
four 3-6', Th lam S.st beds. Two rip-
up clast zones, weather rusty brown, 
composed of broken oyster, gastropods 
turritella narica shells, oriented 
parallel to bdg, Vuggy porosity due to 
I exhing of darts S.st/ Sh r Aio( 1:10). 
Oaf. Ribs, weil indurated, mXlam to 1-1Xbdd 
Grey Shales, fissile, chippy weathering, 
upper part has Th lam S. st. 
HX bdg, lower 1' has rip-up classt zone. 
Unit C, middle part has rip-up clast zon a 
Fit p- up d asts zcne, 40% po- cus dieto 
clasts molds, Gastropode clasts, place­
pods,broken oyster shells mX -HXlam 
Unit A, rhymatically alternating, v.Th to 
Th bdd, mXlam s.st. silty layers at the 
base, Sand Mud ratio 2:1, partially 
covered with Talus 403 
1 200  '. 
N-1,1 60 
Gc.Mf 
N-9, 
Ts.PP 
1 1 20 
:'.-­ ..... 
..­
.. 
Top 2' med bdd, middle 3' with Cal Conc. 
bottom 1' mXlam. 
Unit A, partially covered. 
Cal. Ribs, well indurated, mXlam to FD(bdd 
Unit C, cal. conc., Tk to v.Tk bdd, HX bdg 
Lot of pararell lamination like distri­
butary channel, Cal. Conc. with rusty 
desert varnish, form knife like ridges 
Unit B, with mXlam. 
Like Unit A. 
c 
Lt 
cB  = 
1 04 0­
Ts,PP 
1  000 
. 
.  . 
...'-.AVR.:: 
-'.' ....-............-...: 
.-.....%... 
. . :. :. 
:.:Ik;, 
.............., 
I  Rib forming, HXlam. 
Talus covered Unit A, thin bdd. 
Rib forming, HXlam. 
Unit B with some thin laminations. 
Large planer Xlam, parting lineations 
Thinly lam like Unit A, in its upper 
part has HXbdg, 1-2' amplitude with 
planar bgd at places. 
0 
-
- 1­
' ..;:...... 
- :  :.:...  . 
-...-... 
-.-..... 
;jam. . 
Evenly bdd, ripple, mxlam, trace fossils 
at the base of beds, sharp bottom Ctc,at 
places Tk bdd, parallel laminated, 
micaceous, mxlam, Sd to Sh ratio 5:1. 
:.;k:7-...:;k:'. 
.''.. 
.......  Like Unit A. 
- '  . 
.  . .:  . 
-
' 
: 
.. 
Evenly bedded, at places amalgamated. 
Unit A covered with thinly laminated 
talus 
Evenly bedded, at places amalgamated. 
Unit A covered with thinly laminated 
talus 
Gc.Mf 
..-:.-. 
....  : 
' 
. 
Unit A, with thickening upward 
sequence.
Unit B with rusty WC. 
Like Unit A, except more silt 
and mud Intercalations at the base. 
..: 
.  Like Unit C. 404 
800 
760 
720 
680 
640 
c 0  N-6, 
PP,Ts 
600 
Ct	  N -5. 
PP,Ts 
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RL-12 
520 
480 
GcPol 
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N-3,Mf  :-..... -7°!. 
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N-2,  . .  .... 
N-1, 
PP, TS 
. ...  ..  .. 
440 lar47-AW 
, . . 
,  . 
, , 
Like Unit B. 
Like Unit C. 
Like Unit B. 
Desert varnished, Conc. beds,
 
Like Unit C.
 
Th to mXL, mostly covered by its own 
Talus, Like Unit A. 
Massive, porous, desert varnished,
 
large scale amalgamated HX bedding,
 
weekly cemented, calc. conc. L. Pale
 
Olive (1016/2).
 
Like unit C, except have molds near 
the top. 
Wood fragments in the upper part. 
Fiidge f cr mi ng ( Unit q. 
Same as Unit B. 
Partly coverd, Llam s.st.
 
Rp- up darts zone, Oyst er , Mdlusks shells
 
T. to Mad bdd, mX to 1-Cbc1d. 
Cover 
Same as Unit B. 
Same as Unit A. 
Amalgamated, well-mod. indurated, and 
well preserved leaf fossils of deciduous 
plants, at places lamination is due to 
carbonaceous plant and wood fragments 
alliTedcngbedingplane( Unit B) . 
Same As Unit A. 
Th. tolled Laminated, 
Bienly bdd,Otz lithic S.51, Forms 
ribs & graded siltstcne ( UNIT A). 
W.C. yellowish grey 5Y 7/ 2, at places 
Pale brown 5YR 5/ 2, forms low ridges, 
Qz 70%, Feld 5°A, Lith F. & Dar k Min. 405 
4 0 0  .......:4  25% Well indurated, Cal. cernented,
 Ill simentsi
1  moderately to well sorted. 
360
 
320
 
280
 
240
 
200
 
160
 
1 2 0
 
80
 
40
 
Th. lam, weathers into little 
plates. 
Covered with stream alluvium, low 
topography, white evaporitic thin salt 
layer on the ground, two creeks meet 
at 200' from the bottom. 406 
MANZAKI SECTION 2
 
STARTS  68° 58' 29"  31° 23' 20" 
ENDS  69° 01' 12"  31° 24' 00" 
v D w
u)  0 - a)  17 
CD ._  z  Er  a) 
qo ca. (I)
CJ  0  --..  >, a) 
a,  a)  a) CO -o 
CIS  ci  _c  -o CO 7:3 _, ,  a) 
7.5  0  -ED 0  ..5 -0 .  Comments o  a I 
m '''  ct E 't' :E 0,  w `= -) -C  ffs  a)  C.) C.)  a' c g .15' i -6  ,Hgc% O  -0  fl) .3) m _a..  =1= 0 ,":, .0 2  C 
23  co  0  Er  = ..,--=  u_ Cn  CI)  CD 0 0 a  CD  -.E cp  =  m o 2 cn>u-20cL000l-21><cn co it 
T 1
13,200 
TOP OF SECTION 
13,120 
13,080 
Covered to center of syncline. 
500-1500' more of rock until exposed rock with 
top directions facing opposite direction 
confirm that have reached opposite limb of 
13, 040  fold. 
13,000 
12,960 
12,920 
-.........
 .r..... 
12,880 
12,840 407 
12,800 
'. 
12,760 -r. 
RL48 
'elir*k' .-...,...:..... 
.... 
-;..-.........-....., 
RL47 
12,640 Jf+ 
::":.::::::::::::::::: 
-...  ..'.....*:.­
. .  . . 
......,'....;:....-.... 
..%.::".::"..1. _.... y..,...... 
'..:::::..:::.::::.-:::..­
::::::::-...:::::.:-..­
.1411 
12,480 
12,440 
i\.\__ 
Light olive gray (5Y 6/1) sandstones; medium-
to coarse-grained; angular to subangular 
grains; medium well sorted; calcite cement; 
beds 1-5' thick; small lenses of mud chip 
conglomerate 5-20 wide and 1-3' deep; 
rocks are right side up; cross-bed 1-2' high; 
one layer has a few pebbles: 2 chert, 1 black 
volcanic porphyry with feldspar phenocrysts 
(andesite?), one green andsite porphyry; 
sandstones are micaceous. 
There is a Iminated siltst about 10' thick near 
the middle of this interval. 408 
12,400 
Covered interval.
 
A few sandstone ribs are exposed.
 12,360 
12,320 
12,280 
12,240 
12,200 
12,160 
12,120 
12,080 
12,040 
Mostly covered interval; about 10% exposed 
Largely sandstones similar to those described 
below 409 
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Traverse line offset back and forth to find best 
outcrops; during walk back to this point on 
second day crossed several areas of red soil 
adjacent to this part of traverse line. These 
do not extend far laterally. Seems likely 
that offsetting to find outcrop has tended to 
slightly overeremphasize the amount of 
sandstone. Small amounts of red siltstone 
are probably present throughout the upper 
1000-1500' of section. 
Interval about 50% covered 
Massive thick bedded sandstones; a few mud 
chip conglomerates; one spot has steep 
festooned cross-beds 410 
11,600 
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11,400 
11,240 
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Poorly exposed red and green siltstone 
More light olive gray sandstones with minor
 
mud chip conglomerates in alternating ribs
 
and lows; one set of right side up cross-

laminations
 
Interval about 50 % covered 
Interval has alternating upstanding ribs and 
partially covered lows; ribs are formed by 
hard sandstone and mudchip conglomerates; 
ratio about 20% ribs-80% lows and covered; 
lows are mostly soft medium- to fine-grained 
sandstones; a great deal of petrified wood 
is present 411 
11,200 
11,160 
. 
11,120 
11,080  IN 
Medium bedded sandstone ribs with soft, easily 
eroded sandstone in between. 
Interval about 50% covered; mosty sandstone 
blue-gray mudst chips suggest mudst 
interbeds common near top of unit 
11,040  smomi  IMI  3 rib-forming ss beds separated by thin siltst 
'illli 
Covered 
11,000 
.....:. ...*:: ........." 
......::: .<.*:-.- ......* 
.  .  .  . 
10.960  Mi. 
....V......"......: ; *..*;­
...-..:....-................-... 
10,920  .. .. 
:'.... '..:',..-.:
...:...:....". 
Fine- to medium-grained light olive gray 
sandstone; about 25% concretionary beds 
.....:::::::....'.;  make topographic ribs, remaining non-
concretionary beds make lows; about 5% 
mudchip conglomerate lenses; cross-bedded; 
10,880 
.y../:-....-.. 
some beds laminated 
...%.:::..:::..:::.: 
10,840 
..; -.; ..; .. 
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Lensoid beds of mostly mudchip conglomerate 
Covered, green mudst chips on ground suggest 
interval is mudst 
Sample of coal from a single log 
Massive light olive gray to buff sandstone;
 
cross-bed present, but not abundant; a few
 
mud chip conglomerates present
 
Channel deposit of mudchip conglomerate
 
in m. to f.g. ss (>50% congl)
 
Massive thick-bedded, light buff to light olive 
gray sandstone 
Channel deposit of mudchip conglomerate 
in m. to f.g. ss (>50% congl) 
Light olive gray sandstone; more micaceous; 
thick bedded. 
Covered 413 
0 
10,400 
10,360 
10,280 
10,240 
a_ 
w 
a 
'\;\'''S"\s: 
"..\\ 
-.:1%.**:..-.::...'1 
....'......;.:.. . 
.  ' 
.... 
:..%. ... .%. :..' 
....%21.......%::
 
. :. .'. .. '.
"fie- 7 
. . . . . .... .... .._.  . . . 
10,160 7,1511011! 
:.--:"..,..:.-: .  .. .. .. .-..:;::.:
:.:*.:*:  .............
 
:,.............

:,:.......: 
..  . -..: 
: .  .  . .  . 
-::::.f.....'..:. 
10.080 .. 
10,040 i*....,-. ­ :,...-,:. 
. *. .:....-....-.. 
....*.,-*...:...."... 
........... 
A 
Covered 
Light olivb gray sandstones; small lenses 
of mud chip conglomerate scattered 
throughout unit; cross-bedding common; 
a great deal of scattered petrified wood. 
Overall exposure is poor in this area. 
Covered 
Overall exposure is poor in this area. 
Light olive gray sandstones; small lenses 
of mud chip conglomerate scattered 
throughout unit; cross-bedding common; 
a great deal of scattered petrified wood. 414 
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0
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9680 -':' ..'
 
'-'-*XS,V.::
."  . . .  1. 
9640 --/:: 
Light olive gray sandstones medium- to 
fine-grained to fine- to very fine-grained; 
small lenses of mud chip conglomerate 3-5' 
wide scattered throughout unit; 
cross-bedding common; a great deal of 
scattered petrified wood including three 
possible stumps in growth position. Overall 
exposure is only moderate in this area. 415 
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Light olive gray sandstones (5Y 6/1) sandstones 
similar in color, grain size, and mineralogy 
to those down to about 7500; internal 
laminations; cross-bedded; beds 1-4' thick; 
channels with mud chip conglomerates 
irregularly distributed through section 
Light olive gray sandstone with calcite 
concretions; cross-bedded; scattered 
petrified wood throughout section; beds 1-3' 
thick; mud chip channels near bottom of 
unit; gradational bottom and top contacts 
Light olive gray (5Y 6/1) sandstones with more 
mica than below; thin bedded to laminated; 
cross-bedded; rare channel conglomerates 416 
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.CTS 
El: 
CKS 
TD 
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9200 
9160 
9120 
. 
9080 
..  .. 
.-. 
9040 
9000 
8960 
11 
... 
8920 
1.11111111111$1.1. 
8880 
.. 
RL41 
8840 
.: 
Light olive gray (5Y 6/1) ss; calcite 
concretions; sharp bottom contact; 
mud chip conglomerate channels 
scattered throuhout lower half of unit, 
more abundant near base where 10-50' 
wide; large log in channel near base 
Covered; red chips suggest siltstone
 
underneath most of slope.
 
Light olive gray (5Y 6/1) ss; calcite 
concretions abundant, X-bedds hard to see; 
sharp bottom contact with mud chip 417 
8800  ::  . 
conglomerate channels channels just 
above base 
' .  . 
8760 
.  . 
'  .  : 
8720 
...  .. 
ee 
-IN 
8680 
Covered 
8640 
a_  vz- v5; 
Buff-pale light green mottled, caliche nodular 
paleosol with root holes 
as  Covered  = 
a) 0 
8600  -
Light olive gray (5Y 6/1) thinly laminated ss 
I._ 
a) Q 
CL 
8560  Light olive gray (5Y 6/1) ss; calcite concretions 
abundant, X-bedded; sharp bottom contact 
...
.  -
:ot Ft"i+ 
.::.:.:.  . 
with mud chip conglomerate in channels, 
minor wood in channels; channels just 
above base 
8520 
8480 
// I 
/ / / / / / / r / / / l /// 
Alternating light pale green and red-brown silty 
mudsts; caliche nodular red bed about 
10' below top. 
Covered 
8440 
Light olive gray (5Y 6/1) ss; many planar 
RV 1. 
X-beds about 1' high; sharp bottom contact; 
some mud chip channels near bottom 
8400 c 
'Fs 
FL 
Co 
Tu 0 
45 
cL 
418 
8400  .  PM  PM 
Covered 
8360 
RL40 
Light olive gray (5Y 6/1)  ss; X-bedded; 
strongly laminated; base of fining 
8320  upward sequence; current ripple 
laminated at top; bottom has lenses 
of mudchip congl. with logs and branches 
8280 
.  .::. 
8240  114 
Covered; red siltst at base and top; 
probably entire unit siltst/mudst 
8200 
h  II 
Two olive gray ss layers with red 
siltst between 
8160 
8120 
8080 
8040 419 
8000
 
Covered
 
7960 
7920 
7880 
7840 
7800 
7760 
7720 
/ //Mr Poorly exposed red siltst/mudst
.e.,./..... ...,m,
.:.:...  ........
 
C
 
m  7680
 
EL 
as 
.7D  Light olive gray (5Y 6/1)  ss; X-bedded; 
a  strongly laminated; iron-rich
RL39  concretions; base of fining
45 
7640  upward sequence; no congl. at base
fa. - "*...:4? D... .. 420 
: IF 7600 
.i,;:-;;; ......m., , ,  . ,.e.,/,/,  A  . , 
-1,ii:::::',' , . 
l
.  Mostly covered; small outcrops of !////, pale red chippy weathering mudst ....,/fl, ,,,F.,,,,, te'i..v. 
7560  -*S?" 
Light olive gray (5Y 6/1)  ss; X-bedded; 
strongly laminated; base of fining 
... upward sequence; bottom has lenses of 7520 
mudchip congl.; current ripple laminated ***  ..%.-..	  at top ..............
 
-f '''',";-.1..
 
".........:,...:......-.........:
 
-'...*.:*:::**...*: 
11 
Covered. probably siltst 
7440 -,. 
;';!"i;! .  Ripple laminated light olive gray ss 
-1!;.*SOk .	  otherwise like unit just below E..
co il 
as 
3­
Z:.3; 
7400	  Light olive gray (5Y 6/1) ss; X-bedded; ..... 0 
RL38	  strongly laminated; base of fining
-...-.....-........::

8  .:.::  upward sequence; bottom has lenses of 
a. a -'t  'Z*'  mudchip congl. with leaves and bones
D  forming lag deposit 
7360 
RL37 
.
A	  Covered 
........,
 
RL36  :::;01x..;
 .....,4...	  Mostly covered.  Pale red siltst/mudst; 
pale red ss near middle; vertical trace ,..-m,.. -.....,,..e.e  a .	  casts ?) 
....  .,.  Light olive gray (5Y 6/1) ss with sharp 
bottom  beds X-bedded III

i 
7280 
i
. 
,
,	  Covered 
11.1
 -,
 .,,
 1,,,,,,/," ,/t/// ,///e1///	 Interval poorly exposed.  Alternating pale
,/eZ.I.,e'l -....".....,	 red siltst/ss with minor mudst
7240 :;',;;;;;;4 (40% ss/50 siltst/10 mudst); ss in ........../,
 ,,,./.....v, ..........0	  X-bedded lenses; mottled red siltst 
with caliche nodules near top (paleosol) -,....../... i..",.....,/, 
RL35  %;.%.%`= 421 
7200 
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7160 
7120 
7080 
7040 
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Lt. olive gray (5Y6/1)  f.-v.f.  g. ss; planar 
X-beds; parting Intn; small mud chip 
congl lenses near base (1-2'); climbing 
ripples at top.  Less calcite cement 
than lower in section.  Pt bars and 
channels 
Covered interval; mostly red
 
siltst/mudst; one nodular layer
 
near middle
 
Slope-forming pale red to reddish gray 
mudst and siltst (overbank deposits), 
partially covered by slope wash; 
contains 3 layers with caliche nodules 
(arid paleosol) 
Two lenticular beds v.f.g. red ss 
Covered slope; float of red and light
 
gray mudst/siltst
 
Alternating grayish red (5R4/2)  ss/siltst 
Pale red to red fining-upward sequence f. 422 
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ss /siltst to mottled red mud st top 
(=paleosol); 2 lens X-bd ss near bottom 
= channel pt bars? 
Dk yellow-brwn (10YR4/2) mudst with 
4 lenticular, laminated 1' pale red ss; 
oscill ripples bottom and top 
Light olive gray ss; trgh X-bd; lenticular 
bds; ripple laminated top; bottom half 
mudchip intratm. congl. and logs 
Pale re to reddish brown interbedded 
siltst/ss (60/40);  ss layers about 
2' thick with concretions on bottom; 
unit becomes light green at top just 
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in middle on unit = paleosol 
Pale red ss/siltst  (50/50),  lenticular 
beds; calcit cement; vertical burrows 
Pale red (5R 6/2) to reddish brown 
(10R 4/6)  siltst and f.g. ss; burrows 
and white root casts(?) 
Pale red (5R 6/2)  planar bed ss; hoiz 
burrow bottom 
Pale red (10R 6/2) top to bwn (5YR 3/ 4) 
bottom mudst and siltst;  some burrows 
Mott yl-bwn (10YR 5/4)  siltst, burrows 
Yellow-brown siltst; two 2" ss near base 
Gmish-blk (5GY 2/1)  Piss mudst to siltst 
Light olive laminated ss, lingoid ripples 
Fissile greenish-brown siltst 
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Sheared, reddish altered Gabbro and 
Ophiolite blocks, size of house. 426 
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68° 06.2' E, 30° 56.5' N 
Brick red siltst. with some f.g. ss, a few greenish maroon siltst.
 
near center of syncline.
 
Dusky maroon and dusky red c.g. sandstones, pebbly
 
sandstones, locally sandy conglomerate layers and lenses.
 
Unit contains large high angle cross-beds up to 3 feet in
 
amplitude. Conglomerates contain cobbles of sandstone
 
similar to other Sharan Kar layers, thus probably locally
 
derived, and pebbles of chert and limestone that are polished
 
and have desert varnish. Very thick bedded with beds 4-7'
 
thick amalgamated to units 20-40' thick.
 
Red and maroon siltstones and f.g. sandstones. Some mottled 
horizons are probably paleosols 
Maroon sandstones and red and buff siltstones. A few pebbly 
sandstone layers. 
Interbedded brick red and gray siltstones. 
Dusky maroon and dusky red c.g. sandstones, pebbly 
sandstones, locally sandy conglomerate layers and lenses. 
Unit contains large high-angle cross-beds up to 3 feet in 
amplitude. Conglomerates are silimar to those described above. 
Congl > ss > siltst. 427 
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Interbedded brick red and gray siltstones. 
Dusky maroon and dusky red sandstones. Very thick bedded 
with beds 4-T thick amalgamated to units 20-40' thick. 
Interbedded brick red and gray siltstones. Over 90% redbeds. 
Dusky maroon and dusky red sandstones. Very thick bedded 
with beds 4-T thick amalgamated to units 20-40' thick. 
Interbedded brick red and gray siltstones. Over 90% redbeds. 
Dusky maroon and dusky red sandstones. Very thick bedded 
with beds 4-7' thick amalgamated to units 20-40' thick. 
Interbedded brick red and gray siltstones. Over 90% redbeds. 
Red and maroon siltstones with 2 to 5' thick red sandstone 
layers about every 30 to 50'. - -
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Fault 
Light green siltstones. 
Red and maroon siltstones with 2 to 5' thick red sandstone 
layers about every 30 to 50'. 
Light green siltstones. 
Red and maroon siltstones with 2 to 5' thick red sandstone 
layers about every 30 to 50'. 
Three thickening upward sequences from siltstone to sandstone. 
Top is > 150' of olive-green thick-bedded sandstones. 
Sandstones commonly cross-bedded. Sandstone content 
decreases downward to a bottom of 30-40' of interbedded 
siltstones and sandstones in which siltstones are more 
abundant than sandstones. 
91RL159 and 91RL160 from this unit.* 
Dark gray-green mudstone, and buff fine-grained sandstone. 
91RL158 probably from this unit.* 
Oyster-bearing calcareous sandstone and limestone. 
More gray-green mudstones with thin (1-2') green sandstones. 
Greatly sheared pink calcareous sandstones of Nisai Lst. 
These samples were taken on the way into the syncline, so they are not from the traverse line. Their 
approximate stratigraphic positions are given. 
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Appendix C:  Mud Volcanoes and Gas Seeps
 432 
Newly Discovered Mud Volcanoes and Gas Seeps 
Three mud volcanoes and one gas seep were discovered and 
sampled during the field work.  The three mud volcanoes that were 
visited from northeast to southwest are: Sur Kuch near the village of 
Sur Kuch, west of Zhob; Multana Kili near the village of Multana Kili, 
northeast of the town of Qila Saifullah; and Tor Deo Ghundai (Black 
Ghost Hill)  north-northeast of the  Nisai  Railroad  Station  in  the 
southwestern part of the study area  (Fig.  C.1).  In  addition,  the 
Kharsangan gas seep (informally called the Afzal gas seep) bubbles 
up in a small creek near Kharsangan Mountain next to the road from 
Sur Kuch to Fort Shaigalu in the northwestern part of the map area. 
The Tor Deo Ghundai mud volcano was also previously recognized 
(Jones,  1961). 
The size of the mud volcano cones is impressive.  They are 
many tens to hundreds of feet high and cover several acres of land. 
Many have a cone shape with slopes of 10 to 20° (e.g.,  Fig. C.2). 
Fresh,  light  gray mudflows, which issued from  the  vent  at  the 
summit can be seen on the flanks and summits of the structure (Fig. 
C.3).  Where stream erosion  has  dissected  the  older mudflows, 
angular pebble to boulder size clasts of black turbidite limestone and 
sandstone derived from the  underlying bedrock are exposed  (Fig. 
C.4).  Many of these blocks of bedrock in the mudflows at Tor Deo 
Ghundai  are  broken  and  highly  fractured  dark  black  Nisai 
foraminiferal  micritic  limestone  to  skeletal  packstone  turbidites 
(containing Bouma sequences).  These clasts  are lithologically very 
similar  to  the  black,  organic-rich  source  rock  Nisai  turbidite Towns 
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FIG. C.1: Simplified location map of the study area  showing the mud 
volcanoes and gas seep. 434 
FIG. C.2: Tor Deo Ghundai (Black Ghost Hill) mud volcano.  Three 
people on its right flank for scale. 
FIG. C.3: Fresh mudflow from the vent over older,  drier, stream-
dissected, mudcracked mudflows of the Tor Deo Ghundai mud 
volcano. k
r
)
 
c
r
)
 
'
7
1
­436 
FIG. C.4: Angular blocks of Nisai micritic to foram skeletal packstone 
and terrigenous shale exhumed on surface of an older dissected 
mudflow on the Tor Deo Ghundai mud volcano. 
FIG. C.5: Thin shells of the Triassic mollusk Halobia in thin-section 
of a dark, graded limestone turbidite.  These very thin, platy, 
wavy and  at  places  slightly  curved  molluscan  shells  are 
concentrated in the Tb interval of the Bouma sequence. t---­
cn 
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limestones (Lithofacies C. E, and F) at the Nisai Railroad and Pinza 
Tilare Tsah sections, and the shales between carbonate turbidites  at 
the Torai Nisai section (Chapter 3 and Appendix A). 
These rocks are black on freshly exposed surfaces and some 
have a distinct petroliferous odor. The sample (N-244) collected from 
Black Ghost Hill has a high TOC of 0.72% (source rock quality) and an 
R 0  of 1.66 and TAI of 3.2-3.6 (thermally overmature; Royle and 
Smith,  1992).  An adjacent sample (N-242) of black Nisai foram­
gastropod skeletal limestone (also with petroliferous smell and black 
sparry calcite  veins) from the tectonic mélange that underlies  the 
mud volcano has a TOC of 0.63%.  Clasts of an unusually dark, black, 
Triassic limestone turbidite with many thin,  delicate,  flat,  discoidal, 
plicated  shells of the Triassic fossil Halobia (Fig. C.5) were also 
collected in this broad zone of mélange (many miles wide and long) 
that underlies Tor Deo Ghundai.  This fine-grained, black Triassic 
limestone sample with Bouma sequences and Zoophycos deep-water 
trace  fossils (N-245) also emits  a petroliferous odor when freshly 
broken. TOC in this sample, however, is only 0.10% (Royle and Smith, 
1992). 
The  occurrence  of  black  limestone  turbidites  bearing  the 
Triassic  fossil  Halobia  is  significant.  This  is  the  first  reported 
occurrence of such rocks north of Muslimbagh  and Qila Saifullah.  The 
overmaturity of the  Nisai  turbidite  limestone  and  the Halobia­
bearing Triassic limestone suggest that the gas source for the mud 
volcanoes may be deep-buried.  The muddy gas-charged waters are 
at  ambient temperature and  are  not hydrothermal.  They do not 
thermally  alter  the  mélange  rocks  at  the  surface  in  this  arid 439 
environment.  It  also means that  Triassic limestone and possibly 
other underthrusted Loralai Range Mesozoic limestone,  shale,  and 
sandstone sources  (e.g., Pahr Group, Pab Group, Loralai limestone) 
may underlie  the Katawaz basin  in  addition  to  the Eocene Nisai 
limestone source. 
Although Tor Deo Ghundai was inactive except for occasional 
bubbles of gas, the mud volcanoes at Multana Kili (Fig. C.6) and  at Sur 
Kuch (Fig. C.7) were very active.  Many vents (a few inches to several 
feet in diameter) were bubbling gas-charged  soupy muddy fluid (like 
drilling mud).  Some mud volcanoes (e.g.,  at Sur Kuch and Multana 
Kili) have a dark, black oily feeling film or  scum (gilsonite) floating 
on the surface, which separates from the bubbly mud (Fig. C.7).  The 
presence of gilsonite (a naturally occurring solid asphalt, Roy le and 
Smith,  1992)  suggests  that  petroleum  and  other  complex 
hydrocarbons may have been present at depth at  some time and are 
migrating to the surface in this belt of mud volcanoes concentrated in 
a northeast-southwest belt along the frontal thrusts (Fig. C.1). 
The mud volcanoes at Sur Kuch and Multana Kili  (Fig. C.8) 
might better be termed mud volcanic fields because there  are dozens 
of active  (Fig.  C.9) and inactive vents that cover dozens of acres. 
Roy le and Smith (1992) believe  that  the source rock of the mud 
volcano thermogenic gases is  still unknown.  The heavy stable carbon 
isotopic composition of the gas samples collected during the  field 
work, however, led Roy le and Smith (1992) to conclude that they  are 
of thermogenic origin, and not biogenic origin or mixtures of biogenic 
and thermogenic gases.  Both the Multana Kili and Sur Kuch mud 
volcanic fields come up along faults through Oligocene Sharankar red 440 
FIG. C.6: Multana Kili mud volcano.  Note numerous yellow vents in
background and bubbling caldron of mud in  the foreground. 
Haji Mobin, a local tribal elder, for scale. 
FIG. C.7: One of the bubbling mud vent at Sur Kuch mud volcano. 
Note the dark brown 'oily' feeling material floating on the mud 
surface  around  bursting  gas  bubbles  in  the  vent.  Similar 
material is also present along the escaping mud channels. -
i
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FIG. C.8: Vast mud volcano field at Multana Kili.  Note the different 
active (white) and inactive (yellow-buff, more dissected)  cones. 
Darker islands of near-vertical,  red peaks are  the  Sharankar 
fluvial sandstones and associated overbank deposits.  In distant 
background are the gray peaks of the Eocene Nisai limestone 
thrusted over the  Sharankar. 
FIG. C.9: Small, very active natural gas bubbling  cone within Sur 
Kuch mud volcano field. 443
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mudstones and porous and permeable sandstones  (e.g.,  sample N­
500).  The Sur Kuch mud volcanic field extends over more than 1.5 
miles northwest below the  thrust  plate  of Eocene Nisai  turbidite 
foraminiferal  limestone and  thick,  overlying,  massive,  gray,  cliff-
forming  shallow-marine,  algal-coral  limestone  (grainstones)  that 
have been shoved over porous Sharankar redbeds and delta  front 
green-gray  molltisk-bearing  sandstones.  Hundreds of  active  and 
inactive vents (2 inches to 50 ft high) of bubbling pots of mud give 
the  area the appearance of a cratered moonscape (Fig.  C.6) or a 
small-scale Hawaiian cinder cone field on a major shield volcano that 
is fault-controlled.  It is clear that this volcanic field took a long time 
to construct, considering the slow desert stream erosion. 
At Multana Kili, one erosion-dissected cone displays a complex 
network of fluid conduit piping now outlined by resistant veinlets of 
chalcedony and other salt-filled fractures. The internal artesian fluid 
pressure must be high to push gas-charged  fluids out at an elevation 
of several thousand feet at Tor Deo Ghundai. 
A gas seep was also discovered in a stream at the Kharsangan 
(Afzal gas seep) section adjacent to the road from Sur Kuch (Fig. C.1). 
It  consists of many trains of gas bubbles  (Fig. C.10) coming up 
beneath salt-encrusted stream gravels in  a low-water creek adjacent 
to the bank formed by the tectonic mélange (Fig. C.11) that  contained 
the block of Eocene Nisai limestone and near the thrust of Murgha 
Faqirzai  shales  over  the  mélange  (see  Kharsangan  Section  in 
Appendix A). 
I  interpret that  all  the mélanges, with or without active mud 
volcanoes,  were formed due  to  the mud diapirism  during  the 445 
dewatering of the Katawaz thrust wedge.  The dewatering of the 
thrust wedge occurred when the  Katawaz remnant ocean closed. 
Development of  the  thrust wedge because  of  the remnant ocean 
closure created a highly overpressured zone under the thrust wedge. 
The currently  active mud volcanoes suggest  that  an overpressured 
zone  is  still  present  in  the  subsurface  and dewatering process 
continues. 446 
FIG. C.10: Flaring gas from bubbling water in semi-dry stream bed 
at Kharsangan (Afzal Gas Seep) Section.  Note the salt-encrusted 
pebbles. 
FIG.  C.11: Tectonic mélange exposed at  the Kharsangan Section. 
Note the salt-encrusted stream gravels in the foreground.  Mr. 
Afzal for scale. +
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